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However,  so  far  little  was  known  about  the  localization  and  function  of  the  γ-
isoforms.  
The focus of this study was to gain further insights into the physiological properties 
of RIM3γ  and RIM4γ. Therefore, we  first  investigated  their  localization. We  found 
the  regional  distribution  of  both  γ-RIMs  to  overlap  with  the  full-length  isoforms, 
however,  they  exhibited  a  diverging  regional  and  subecellular  localization. RIM3γ 
was presynaptically localized, whereas RIM4γ was not restricted to the synapse but 





In  order  to  delinate  the  function of  the γ-isoforms, downregulation  of  the  proteins 
was performed using lentiviral transduction in primary neuronal cultures and in vivo. 
RIM3γ  or  RIM4γ  knock  down  neurons  displayed  a  striking  change  in  neuronal 
morphology, whereby  they mantained  the axon but  lost most of  their dendrites.  In 
addition,  downregulation  of  γ-RIMs,  led  to  a  decrease  in  the  levels  of  RIM1α, 
Liprins-α  and  GRIP1,  suggesting  a  possible  role  for  γ-RIMs  in  neuronal 




A  century  after  Santiago  Ramon  y  Cajal  presented  evidence  for  the  "neuron 
doctrine", his view of the brain remains the foundation of modern neuroscience. 
His  meticulous morphological  and  histological  examination  of  the  anatomy  of 
the brain revealed the existence of independent cellular units, neurons, leading 
to a controversial hypothesis: communication of neuronal axons with the soma 
or  dendrites  would  be  established  by  contact  and  not  by  protoplasmic 
continuity,  as  thought  before.  Later,  these  sites  of  contact  became  known  as 
synapses (Charles Sherrington, 1897). Ramón y Cajal postulated that although 
an  axon  terminates  contiguous  to  a  dendrite  of  the  next  neuron,  the  cleft 
between  the  two  cells  operates  as  the  site  of  information  exchange.  The 
synaptic  cleft  was  first  shown  in  1954,  when  improving  electron  microscope 
techniques provided strong support for its existence.  
Chemical synapses are the main sites for communication between neurons via 
chemical messengers,  known  as  neurotransmitters. When  an  action  potential 
arrives at the presynaptic nerve terminal, neurotransmitters are rapidly released 
into  the  synaptic  cleft,  diffuse,  and activate  the  receptors  that  are  localized  in 
the postsynaptic membrane (reviewed in C. Südhof and Starke, 2008; Carr and 
Munson, 2007; Stevens, 2003; Südhof, 2008a; Südhof, 2004). 
Synapses  exhibit  a  very  characteristic  asymmetric  organization  with  a 
presynaptic  nerve  terminal  (bouton)  where  synaptic  vesicles  are  localized,  a 




Fig . 1.1  Electron micrograph of  a  synapse 






voltage  gated  calcium  channels  open,  resulting  in  the  influx  of  Ca2+  ions, 
thereby  triggering  synaptic  vesicle  fusion  and  subsequent  neurotransmitter 
release. 
Synaptic  vesicles  take  part  in  fast  and  repeated  rounds  of  release.  For  this 





at  the  Active  Zone,  the  vesicles  become  fusion  competent  in  a  multi-step 
maturation process, called priming.  In response  to an action potential and  the 
influx  of Ca2+  trough  voltage-gated  calcium channels,  the mature  vesicles  are 
able to fuse with the presynaptic plasma membrane to release the transmitters. 
 
Fig . 1.2  The synaptic vesicle  cycle   
1.  Neurotransmitter  refilling;  2.  SV  clustering  (Reserve  Pool,  RP);  3.  Docking;  4.  Priming 
(Readily Releasable Pool, RRP); 5. Fusion; 6. Kiss and stay; 7. Kiss and Run; 8. Endocytosis 
via clathrin coated pits; 9. Endosome (modified from Südhof, 2008a). 
After  exocytosis,  synaptic  vesicles  are  recycled  and  reused,  via  different 
endocytotic pathways: kiss-and-stay, vesicles are reacidified and refilled without 
undocking,  remaining  in  the  readily  releasable  pool  (RRP);  kiss-and-run, 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vesicles undock and recycle locally to reacidify and refill with neurotransmitters; 




The  Active  Zone  is  the  compartment  of  the  presynaptic  plasma  membrane 
where  neurotransmitter  release  takes  place  (Dresbach  et  al.,  2001).  The 
regulation  of  synaptic  vesicle  fusion  is  under  a  tight  spatial  and  temporal 
control,  requiring a close proximity of synaptic vesicles, voltage gated calcium 
channels and necessary  regulatory proteins at  the Active Zone  (Siksou et al., 
2007). 
The  Active  Zone  protein  network  is  composed  of  scaffolding  proteins,  fusion 
proteins,  ion  channels,  signalling  molecules  and  cell  adhesion  molecules 
(Schoch and Gundelfinger, 2006). Furthermore, microfilaments and associated 




and  its alignment  to  the postsynaptic densities  (PSD). The CAZ  is  involved  in 
organizing  the  neurotransmitter  release  machinery,  the  localization  of 
presynaptic  membrane  proteins  and  in  coupling  synaptic  vesicles  to  Ca2+ 
channels. Moreover, the components of the CAZ play a role in certain forms of 
presynaptic  plasticity  (Dresbach  et  al.,  2001;  García-Junco-Clemente  et  al., 
2005; Schoch and Gundelfinger, 2006). 
However,  the molecular mechanisms underlying  the organization and  function 
of  the  CAZ  are  still  not  fully  understood.  In  the  last  years  numerous  studies 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have been performed trying to resolve the ultrustructural composition of the AZ, 
indicating  that  the structure of  the cytomatrix depends on  the  type of synapse 
and the animal species under study (Zhai and Bellen, 2004). 
Classical  electron  microscopy  analyses  of  vertebrate  synapses  using  tissue 




into  the  presynaptic  bouton  (Schoch  and  Gundelfinger,  2006).  These 
projections  are  thought  to  represent  the molecular  guides  that  direct  synaptic 
vesicles  to  their release sites,  represented as slots. However, recent evidence 
indicates  that the usage of aldehyde fixatives  leads  to an artificial aggregation 
of filaments (Fig. 1.3 A). 
New  techniques  applying  quick  freezing  without  aldehydes  to  preserve  the 
tissue  for  electron  microscopy  revealed  short  filaments  connecting  adjacent 
SVs  and  longer  filaments  projecting  from  the  AZ  membrane  (Siksou  et  al., 
2007).  A  given  vesicle  is  connected  to  1.5  neighbouring  ones.  The  synaptic 
morphology  observed  after  high  pressure  freezing  differs  from  that  after 
aldehyde fixation. In the presynaptic terminal, synaptic vesicles are less densely 
distributed,  connected  via  filaments  and  not  anymore  hexagonally  organized 
(Fig. 1.3 B). 
A  more  recent  EM  study  performed  in  rat  neocortex  by  conical  electron 
tomography, showed the Active Zone to be constructed of a variable number of 
distinct  “synaptic  units”  (Zampighi  et  al.,  2008).  These  entities  include  a 
polyhedral  cage  and  seven  surrounding  vesicles.  In  addition,  filaments  of 
different lengths connect the vesicles. The short strands form a mesh between 
vesicles  of  the  same  ¨synaptic  unit¨,  whereas  the  long  filaments  connect 




Fig . 1 .3 Models o f Active Zone 
ultrastructure 
The  ultrastructure  of  the  presynaptic 
Active  Zone  observed  by  electron 
microscopy,  differs  depending  on  the 
method  used  for  fixation  of  the  tissue 
samples. A  After aldehyde fixation, the 
Active  Zone  shows  a  highly  organized 
ultrastructure  composed  of  docked 
synaptic  vesicles  among  cone-shaped 
particles  and  filaments  reaching  into 
the  cytoplasm.  B  High  pressure 
freezing  results  in  a  more  asymmetric 
ultrastructure,  with  short  filaments 
connecting  synaptic  vesicles  with  the 
plasma  membrane  and  long  strands 
linking  diverse  neurotransmitter 
vesicles.  C  Conical  electron 
microscopy  shows  that  the 
ultrastructure  of  the  Active  Zone 




1.3  The molecular machinery mediating  synaptic 
vesicle exocytosis at the AZ 
Synaptic  vesicle  exocytosis  shares  many  basic  principles  and  homologous 
proteins with other membrane fusion processes in the cell e.g. SNARE proteins 
(soluble  N-ethylmaleimide-sensitive  factor  attachment  protein  receptors), 
Munc18  or  Rab3.  In  addition  to  this  elementary machinery,  synaptic  vesicles 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use  a  set  of  unique  components  to  achieve  the  high  temporal  and  spatial 
precision  that  distinguishes  neurotransmitter  release  from  other  fusion 
processes (Sun et al., 2003). At present, the precise composition of the CAZ is 
not entirely resolved, but five CAZ-enriched proteins, including RIMs, Munc13s, 
Bassoon,  Piccolo/Aczonin,  ELKS  and  Liprins,  are  thought  to  organize  the 
molecular  structure  of  the  CAZ  (García-Junco-Clemente  et  al.,  2005; 
Gundelfinger  and  tom  Dieck,  2000;  Rosenmund  et  al.,  2003;  Schoch  and 
Gundelfinger, 2006). 
1.3.1  The core fusion machinery 
All  intracellular  membrane  fusion  processes  (excluding  mitochondrial  fusion) 
are  thought  to  be  mediated  by  a  core  fusion  machinery  composed  of  four 
families  of  proteins:  SNARE-proteins,  SM-proteins  (for  Sec1/Munc18-like 
proteins),  Rab-proteins,  and  Rab-effectors  (Südhof,  2008a).  Synaptic 
transmission  requires  two  conserved  protein  families  that  are  universally 
involved in membrane fusion reactions: SNARE proteins and Sec1/Munc18-like 
proteins  (SM  proteins).  They  are  essential  for  intracellular  membrane  fusion 
(Deák  et  al.,  2009a;  Lang  and  Jahn,  2008;  Malsam  et  al.,  2008;  Rizo  and 
Rosenmund,  2008).  In  recent  years,  tremendous progress  has been made  in 





(Rizo  and  Südhof,  2002).  In  the  synapse,  Synaptobrevin-2  is  located  on 
synaptic  vesicles  (v-SNARE),  whereas  Syntaxin1  and  SNAP-25  reside  at  the 
presynaptic  plasma membrane  (t-SNARE). An  important  step  in  the  fusion  of 
the synaptic vesicles  is  the SNARE complex, which  is  formed by  four SNARE 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motifs (two from SNAP25 and one each from Syntaxin1 and Synaptobrevin-2). 
Formation  of  the  complex  provides  the  necessary  energy  to  pull  synaptic 
vesicles  and  presynaptic  membranes  into  close  proximity,  leading  to  fusion 
(Rizo and Rosenmund, 2008). 
Analysis  of  knockout  phenotypes  in  different  species  and  the  application  of 
neurotoxins  have  shown  that  SNARE  complex  formation  is  essential  for 
synaptic fast calcium-triggered exocytosis (Bronk et al., 2007; Deák et al., 2004; 




maturation  process  that  leads,  among  other  changes,  to  SNARE  complex 
assembly. After priming, synaptic vesicles may undertake two different release 
pathways:  asynchronous  release,  which  is  Synaptotagmin-1  and  Complexin 
independent, and synchronous release in response to Ca2+ influx that depends 
on  these  proteins  (Südhof,  2008a).  Binding  of  Complexin  to  the  SNARE 
complex stabilizes its assembly and avoids spontaneous fusion by inhibiting the 
transfer of energy generated by the complex  formation  to  the synaptic plasma 
membranes  (Maximov et  al.,  2009). This  intermediate  state between  synaptic 
vesicle  priming  and  fusion  with  the  synaptic  plasma  membrane  has  been 
named  superpriming.  It  has  been  suggested  that  calcium  binding  to 
Synaptotagmin-1  induces  the simultaneous  interaction of Synaptotagmin1 with 
the SNARE complex and phospholipids of  the presynaptic plasma membrane, 
inducing  displacement  of  Complexin  and  subsequent  synaptic  vesicle  fusion 
(Tang et  al.,  2006).  In  contrast,  other  studies  have  proposed  that  Complexin 
and Synaptotagmin1 can bind simultaneously to the SNARE complex (Schaub 
et al., 2006) and that Complexin not only prevents but also promotes synaptic 
vesicle  fusion  (Xue et  al.,  2007;  Yoon et  al.,  2008),  indicating  that  binding  of 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Complexin  and  Synaptotagmin-1  to  the  SNARE  complex  fine-tunes  synaptic 
vesicle  fusion  (reviewed  in Malsam et al.,  2008; Rizo  and Rosenmund,  2008; 
Südhof and Rothman, 2009).  
1.3.1.2  MUNC18 
SM  proteins  are  hydrophilic  60–70-kDa  polypeptides  with  a  high  degree  of 
homology throughout the whole sequence. The human genome contains seven 
Sec1/Munc18 proteins, three of which are involved in exocytotic processes, but 
not  only  in  the  brain.  Munc18a  (Munc18-1),  Munc18b  (Munc18-2),  and 




















with  the closed conformation of Syntaxin1, which  is  incompatible with SNARE 
complex  formation  (Misura et  al.,  2000).  However,  new  findings  showed  that 
Munc18-1 can also bind  to a half-open conformation of Syntaxin1  (Zilly et al., 
2006)  as well  as  to  the  assembled  SNARE  complex  (Dulubova et  al.,  2007). 
This  last  interaction  is  involved  in  organizing  the  formation  of  SNARE 
complexes  (Deák  et  al.,  2009b;  Dulubova  et  al.,  2007).  In  the  current 
understanding  Munc18-1,  via  different  modes  of  interaction  either  with  the 
SNARE  protein  Syntaxin1  or  the  assembled  SNARE  complex  itself,  acts  at 




Rab  proteins  are  members  of  the  Ras  superfamily  of  small  GTPases,  which 
play  an  important  role  in  vesicular  trafficking  of  different  secretory  processes 
(Grosshans  et  al.,  2006).  In  humans,  there  are  at  least  60  Rab  proteins,  of 







release.  In  C.  elegans  mutants,  synaptic  transmission  is  altered.  Synaptic 
vesicles  are  able  to  cluster  but  show  no  tight  binding  to  the  Active  Zone 





trafficking,  docking  and  priming  of  SVs,  but  is  able  to  modulate  the  basic 
release machinery. Ablation of all Rab3 isoforms showed that Rab3 is required 




Fig .  1 .4  Components  of  the  “core  machinery”  for  synaptic  vesicle  fusion 
and of  the “cytomatrix at  the Active Zone”  
Cartoon  showing  the  structure  and  interactions  of  the  main  proteins  implicated  in  synaptic 
vesicle fusion and specific Active Zone enriched proteins (Ziv and Garner, 2004). 
1.3.2  Active Zone enriched proteins 
Synaptic  vesicle  fusion  only  takes  place  at  highly  specialized  regions  of  the 
presynaptic membrane, called Active Zones. The protein network at the Active 
Zone  is  composed  of  AZ-specific  and  various  other  proteins,  participating 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together in multiple steps of the synaptic vesicle cycle. To date, five families of 
Active  Zone  enriched  proteins  have  been  identified:  Piccolo/Bassoon,  ELKS, 
Munc13, Liprins-α and RIMs (reviewed in Schoch and Gundelfinger, 2006). 
1.3.2.1  BASSOON AND PICCOLO/AZCONIN 
Piccolo  and Bassoon are  the  two  largest CAZ enriched proteins. Structurally, 
both  proteins  consist  of  two  Zn2+  finger  domains  and  three  coiled  coil  (CC) 
domains.  Piccolo  but  not  Bassoon  also  contains  a  PDZ  domain  and  two C2-
domains (C2A and C2B) in its C-terminal region (Fenster et al., 2000; tom Dieck 
et al., 1998). 





because of  their  enormous  sizes  (>  400  kDa). Both are expressed  very  early 
during neuronal development and are among the first proteins to arrive at newly 







not  for  synaptic  vesicles  proteins  (Ziv  and  Garner,  2004).  Furthermore,  both 




is  not  completely  genetically  deleted.  Because  the  central  region  of  Bassoon 
has been shown to be sufficient for presynaptic targeting of the protein and its 
association  to  the CAZ  (Dresbach et  al., 2003),  deletion  of  the  central  region 
(between  1692  –  3263aa)  of  Bassoon  was  used  to  create  a  knockout  (KO) 
mouse. However, this mouse still expresses a truncated protein. Phenotypically, 
Bassoon -/- mutant mice develop spontaneous epileptic seizures (Altrock et al., 




remain  floating  in  the  cytoplasm  (tom Dieck et  al.,  2005). Electrophysiological 
analyses  of  Bassoon  KOs  in  acute  slices  and  autaptic  cultures  showed  a 
reduction  in  synaptic  transmission due  to  an  increase  in  the  number  of  silent 
synapses,  and  not  because  of  changes  in  the  transmission  properties  of  the 
remaining active synapse (Altrock et al., 2003). 
So  far,  the  effects  of  an  ablation  of  Piccolo  have  only  been  studied  via  a 
knockdown approach in primary neuronal cultures. The result of that study did 
not  reveal a role of Piccolo  in synapse formation. However, Piccolo negatively 








In  accordance  with  their  large  size  and  multi-domain  structure,  multiple 
interacting proteins have been identified for Bassoon and Piccolo. Both proteins 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interact with ELKS via  their  third CC domain  (Takao-Rikitsu et  al.,  2004)  and 
with  two members of  the C-terminal binding protein  family, CtBP1 and CtBP2 





glutamate  (E),  leucine  (L),  lysine  (K),  and  serine  (S),  are  the  most  recently 





associated  structural  protein),  is  composed of  four  coiled-coil  domains  and  a 
putative COOH-terminal consensus motif for binding to PDZ domains.  
Mammals  contain  two  ELKS  genes,  ELKS1  and  ELKS2.  Interestingly, 
alternative  splicing  of  the ELKS1 C-terminus produces  two  isoforms, ELKS1α 
and  ELKS1β,  with  specific  tissue  distributions  and  biochemical  properties 
(Wang et al., 2002). Whereas ELKS1α is exclusively synthesized outside of the 
brain,  ELKS1β  is  brain  specific,  and  can  be  found  in  two  different  forms, 
insoluble  and  synaptically  localized,  or  soluble  and  cytoplasmically  distributed 
(Wang  et  al.,  2002).  Recent  studies  have  revealed  that  the  ELKS2  gene 
encodes  for  several  proteins.  ELKS2α,  previously  named  ELKS2,  is  a  brain 
specific  insoluble  protein, which  becomes detectable  only  after  other  synaptic 
proteins  are  synthesized  (around  embryonic  day  14.5)  (Wang  et  al.,  2002). 





sequence,  ELKS2A  (Kaeser  et  al.,  2009).  In  summary,  the  ELKS2  gene 
encodes  four  main  proteins  ELKS2αA,  ELKS2αB,  ELKS2βA  and  ELKS2βB, 
with ELKS2αB being the main isoform. 
ELKS  interacts  trough  its coiled coil domain with RIM1, Liprin-α, Bassoon and 




that  distinct  complexes,  Bassoon–ELKS–RIM1–Munc13-1  and  Piccolo–ELKS–
RIM1–Munc13-1, may exist at synapses (Takao-Rikitsu et al., 2004). Binding of 
ELKS  is  necessary,  at  least  in  part,  for  the  localization  of RIM1 at  the Active 
Zone (Ohtsuka et al., 2002). Nevertheless, deletion of ELKS in C. elegans does 
not modify RIM localization, and does not result in changes of synaptic activity, 
indicating  that  ELKS  proteins  are  not  essential  for  Active  Zone  ultrastructure 
and  neurotransmitter  release  in  the  worm  (Deken  et  al.,  2005).  Interestingly, 
deletion  of  Bruchpilot  (BRP),  an  ELKS  related  protein  recently  discovered  in 
Drosophila, reveals a strong phenotype (Wagh et al., 2006). BRP contains a N-
terminus  with  a  high  homology  to  ELKS  and  a  C-terminus  including  several 
coiled-coil domains, but  lacks  the RIM-PDZ  interaction motif present  in ELKS. 
Flies  lacking  BRP  show  a  loss  of  T-bars  (electron  dense  projections)  in  the 
Active  Zone  and  defective  calcium  channel  clustering.  In  addition,  evoked 
synaptic transmission is reduced at the NMJ (Wagh et al., 2006). These data, in 





deletion of ELKS1  is  lethal, whereas ELKS2 ablation does not  impair survival 
(Kaeser et al., 2009). Electrophysiological analyses of  the ELKS2 KO showed 
that  ELKS2  controls  synaptic  transmission  in  inhibitory  but  not  in  excitatory 
neurons  (Kaeser  et  al.,  2009).  Deletion  of  ELKS2  induces  an  increase  in 
neurotransmitter  release  in  inhibitory  synapses  due  to  an  enlargement  of  the 
RRP.  Interestingly,  no  significant  ultrastructural  changes  were  detected  in 









receptor  protein  tyrosine  phosphatases  (LAR)  (Serra-Pagès  et  al.,  1998). 





and  Liprin-α3  are  expressed  exclusively  in  mammalian  brain,  while  Liprin-α1 
and Liprin-α4 are also found in non-neuronal tissues (Serra-Pagès et al., 1998). 
So  far,  various  pre-  and  postsynaptically  localized  interaction  partners  of 
Liprins-α  have  been  identified:  CASK  (Olsen  et  al.,  2005),  the motor  protein 
KIF1α    (Shin  et  al.,  2003),  the  scaffolding  protein  GRIP1  (Ko  et  al.,  2003a; 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Wyszynski et al., 2002), GIT1 (Kim et al., 2003), RIM1α (Schoch et al., 2002), 
ELKS  (Dai  et  al.,  2006)  and  indirectly  Piccolo  (Kim  et  al.,  2003).  Binding  of 
Liprins-α  to GRIP  and GIT1  has  been  shown  to  be  necessary  for  the  proper 
transport  of  AMPA  receptors  (Ko  et  al.,  2003a),  whereas  binding  to  KIF1  is 
important for the axonal transport of some presynaptic proteins, as shown in C. 
elegans and Drosophila KOs (Miller et al., 2005; Shin et al., 2003).  
In  C.  elegans,  loss  of  Syd2/Liprin  results  in  a  decrease  in  the  levels  of 
Synaptobrevin, Synaptotagmin, Syntaxin and Rab3 proteins at the presynapse, 
and  an  increase  in  axonal  localization,  indicating  that  they  are  not  properly 
transported  (Zhen  and  Jin,  1999).  In  addition,  C.  elegans  and  Drosophila 
mutants  show defects  in  the  organization  and an abnormal  size  of  the Active 
Zone (Kaufmann et al., 2002; Zhen and Jin, 1999). 
In summary, based on evidence mainly obtained from analyses in invertebrates, 
Liprins-α  have been associated with  presynaptic maturation,  axonal  targeting, 
vesicular trafficking of other synaptic proteins, spine formation and sustenance, 





The  first  data  about  the  Munc13  protein  family  came  from  a  screen  for 
uncoordinated movements in C. elegans, in which UNC-13 was one of the first 




four  different  large  proteins:  Munc13-1,  Munc13-2,  Munc13-3  and  Munc13-4 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(Koch  et  al.,  2000).  In  addition,  the  Munc13-2  gene  generates  two  splice 
variants  with  diverging  N-termini  and  different  localization,  bMunc13-2  (brain 
specific) and ubMunc13-2 (ubiquitously expressed) (Betz et al., 2001).  






Munc13-1  is  an  Active  Zone  specific  protein  with  an  essential  role  in 
neurotransmission. Loss of Munc13-1 in mice leads to death in the first hours of 
life (Augustin et al., 1999b). Several studies in Drosophila, C. elegans and mice, 
have  shown  that  Munc13  is  indispensable  for  synaptic  vesicle  priming  and 
therefore  the  establishment  of  the  readily  releasable  pool.  Neurons  lacking 
Munc13-1 are able to dock but they do not become fusion competent (Augustin 
et  al.,  1999b;  Varoqueaux  et  al.,  2002). Morphologically, Munc13-1  knockout 
neurons form ultrastructurally normal synapses. The number of docked vesicles 
remains unchanged, but they are not capable to fuse because of their immature 
state  (Betz  et  al.,  1998).  However,  recent  electron  microscopy  experiments, 
after high-pressure  freeze  fixation  in C. elegans, have  revealed a decrease  in 
the  number  of  synaptic  vesicles  in  close  proximity  to  the  electron  dense 
filaments  at  the  presynaptic  plasma  membrane,  indicating  a  connection 
between synaptic vesicle localization and the maturation processes (Gracheva 
et  al.,  2008; Weimer et  al.,  2006).  The  defects  in  synaptic  vesicle  priming  in 
neurons  lacking  Munc13  have  been  linked  to  its  interaction  with  Syntaxin. 
Munc13 has been postulated to bring Syntaxin to its open conformation, since 
overexpression  of  a  constitutively  open  conformation  of  Syntaxin  rescues  the 




The  key  role  of  Munc13  in  synaptic  transmission  is  demonstrated  by  the 
complete loss of spontaneous and evoked synaptic activity in mice lacking both, 
Munc13-1 and -2 (Varoqueaux et al., 2002). In addition to the priming function, 
Munc13  plays  an  important  role  in  presynaptic  plasticity.  Neurons  lacking 
Munc13-1 show short-term depression after high frequency stimuli (Rosenmund 
et  al.,  2002).  Interestingly,  this  phenotype  is  restricted  to  a  subpopulation  of 
neurons  using  Munc13-1  as  priming  factor,  while  Munc13-2  dependent 
synapses,  show  short  term  facilitation  (Koch  et  al.,  2000;  Rosenmund  et  al., 
2002).  
Each Munc13  domain  has  been  related  to  a  different  function  of  the  protein. 
The  Munc13  C-terminus  domain  has  been  found  to  be  indispensable  for  its 
priming activity, whereas  the N-terminus contains modulatory domains  like  the 
phorbol  ester/diacyglycerol  (DAG)  binding  C1  domain  (Rhee  et  al.,  2002). 
Activation  of  Munc13-1  by  phorbol  esters  leads  to  enhancement  of 
neurotransmitter release (Betz et al., 1998). In addition Munc13-1 binds to DOC 
2α  (Orita et  al.,  1997)  via  the C-terminus and RIM1α  (Betz et  al.,  1997)  and 
Calmodulin (Junge et al., 2004) trough its N-terminus. 
In summary, Munc13 play an essential role in synaptic vesicle priming, leading 
Syntaxin1  to  the  conformational  change  necessary  for  SNARE  complex 






1.4  RIMs: main  components of  the scaffo lding at 
the presynaptic Active Zone 





to  invertebrates,  where  (UNC-10)  is  the  only  RIM  family  member  known,  in 
vertebrates the RIM protein family is composed of 7 members (RIM1α, 1β, 2α, 
2β,  2γ,  3γ  and  4γ)  encoded  by  four  different  genes  (RIM1-4)  (Wang  and 
Südhof, 2003). RIM1α was the first member of the RIM family to be discovered 




al.,  2008a).  RIM1  and  RIM2  are  widely  spliced  at  three  canonical  positions, 
splice sites A, B and C respectively (Wang and Südhof, 2003). The positions of 
the splice sites are conserved between the RIM1 and RIM2 genes. Splice site A 
is  located  in  the  Zinc  finger  domain  (Wang  and  Südhof,  2003).  Alternative 
splicing  of  this  site  can  result  in  the  disruption  of  the  Rab3  binding  domain. 
Splice site B  is  located between the C2A domain and the proline rich RIM-BP 
binding  region,  and  splice  site  C  is  situated  between  the  RIM-BP  interaction 











Fig . 1.5  Al ternatively spl iced exons in  RIM1α and RIM2α. 
Splice  sites A, B and C are  conserved  in RIM1 and RIM2  in  vertebrates. Splice  site  A  (SSA) 
consist  of  exons  2  and  3.  Alternative  splicing  at  SSA  disrupts  Rab3  binding  to  α-RIMs.  In 
mammals,  the  RIM1  genes  contains  six  variable  exons  for  splice  site  B  (SSB)  that  can  be 
spliced  independently,  resulting  in  64  potential  exon  combinations.  Splice  site  C  (SSC)  is 
relatively homologous between RIM1 and RIM2 (61% identity) and must be spliced as a block to 
avoid  disruption  of  the  reading  frame.  Alternatively  spliced  exons  are  shown  in  white,  and 
constitutive exons in blue. 
1.4.2  Protein structure and functional domains 
RIM1α,  the  prototypical  member  of  the  RIM  family,  is  a  multidomain  protein. 
However, not all RIM  isoforms contain  the whole set of domains (Schoch and 
Gundelfinger, 2006; Wang et al., 2002). The alpha-isoforms, RIM1α and RIM2α 
are  composed of  an  amino-terminal  zinc-finger motif,  a PDZ domain  and  two 
carboxy-terminal C2 domains (C2A and C2B). RIM2β lacks the whole zinc finger 
domain,  whereas  in  RIM1β  only  the  N-terminal  Rab3-binding  sequence  of 









C2B  domain  and  isoform-specific  N-termini.  Abbreviations:  Zn2+  zinc  finger  domain;  PxxP 
proline rich domain; SS splice site. 
In  recent years  tremendous progress has been made  in elucidating  the  three-
dimensional structure and function of  the RIM domains  in order  to gain  further 
insight into their physiological relevance. 
N-Terminal  Zinc  Finger  Domain.  The  N-terminal  region  includes  two 
domains  that mediate  two  binding  activities:  an  α-helical  Rab3-binding  region 
and  a  Munc13-  binding  zinc-finger  domain  (Wang  et  al.,  2001).  Through  the 
simultaneous  binding  of  Munc13  and  Rab3  to  the  RIM  N-Terminal  domain, 









this  phosphorylation  also  permits  the  interaction  between  RIM1α  and  14-3-3 
(Lonart et al., 2003).  
PDZ  domain.  α/β-RIMs  also  contain  a  PDZ  domain  that  binds  ELKS  C-
terminal residues (GIWA) with an unusual specificity. Any change in these four 
amino acids disrupts  the  interaction between RIMs and ELKS.  In addition,  the 
Active  Zone  protein  Piccolo,  which  also  interacts with  ELKS  through  its  PDZ 
domain, does not bind this C-terminal sequence, corroborating the specificity of 
interaction  between RIMS  and  ELKS  (Lu et  al.,  2005).  The RIM1 PDZ  is  not 
important for the localization and function of RIM at the C. elegans Active Zone 
(Deken et al., 2005). 
C2-domain.  α/β-RIMs  contain  two degenerated C2  domains, C2A and C2B, 
which  are  separated  by  alternatively  spliced  sequences.  In  contrast,  γ-RIMs 
only consist of an isoform specific N-terminal and a C2B domain (Wang et al., 
1997).  The  RIM  C2  domains  are  atypical  because  they  do  not  contain  the 
consensus calcium binding sites  that have been defined  in  the Synaptotagmin 
C2 domains and that are present in the Rabphilin C2 domains. In addition, they 














several  proteins,  suggesting  that  they  might  play  an  important  role  in  the 
function and localization of all members of the RIM protein family. The RIM C2B 
domain  has  been  shown  to  interact  with  Liprins-α  (Schoch et  al.,  2002),  with 
Synaptotagmin1 (Coppola et al., 2001; Schoch et al., 2002), the ubiquitin ligase 
SCRAPPER  (Khanna  et  al.,  2006;  Yao  et  al.,  2007)  and  calcium  channels 
(Khanna  et  al.,  2006;  Kiyonaka  et  al.,  2007).  However,  crystallography  and 
NMR  studies  of  the C2B  domain,  could  not  verify  neither  a  direct  interaction 
between  RIM  and  Synaptotagmin1,  nor  binding  between  the  minimal  RIM 
binding domain of Liprin-α and the isolated C2B domain (Guan et al., 2007). In 
addition, a crystal structure analysis revealed dimerization of the C2B domains, 
which might  play  an  important  role  in  RIM  function. Moreover,  C2B  domains 
require  adjacent  N-and  C-terminal  sequence  for  an  adequate  folding, 
suggesting  that  they  might  be  also  mandatory  for  the  interaction  to  other 
proteins (Guan et al., 2007). 
Proline  rich  SH3  interaction motif. A proline rich sequence can be found 
between the two C2 domains. This conserved region is the binding site for the 
RIM  binding  proteins  (RIM-BPs).  Interestingly,  the  RIM-BP  binding  motif  is 
located between the alternative splice sites B and C (Wang et al., 2000). The 
interaction between RIMs and RIM-BPs takes place via the second of three Src-
homology 3  domains  (SH3)  of RIM-BPs. This  binding has been postulated  to 





Fig . 1.7 In teracting molecules of  α-RIMs 
This  cartoon depicts  the domain  structure of  α-RIMs and  the  site  of  interaction  for  the  known 
binding partners.  
In  the  last years various binding partners have been  identified  for  the different 
RIM domains. 
1.4.3.1  PROTEINS  INTERACTING  WITH  THE  N-TERMINAL 
ZINC FINGER DOMAIN 
RAB3 is a small GTPase attached to the synaptic vesicle membrane (Fischer 







MUNC13  binding  to α-RIMs  takes place  through  the  interaction between  the 
RIM zinc finger domain and the N-terminal C2 domain of Munc13. Disruption of 
this association  impedes synaptic vesicle maturation, causing a  loss of  fusion 
competence and a reduction  in  the readily  releasable pool (Betz et al., 2001). 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The  RIM1α  zinc  finger  interacts  with  the  C2A  domain  of  Munc13,  competing 
with  Munc13  homodimerization.  This  switch  between  homo-  and 
heterodimerization  of  the  Munc13-RIM  interaction  might  play  a  role  in  the 
regulation of synaptic vesicle priming (Dulubova et al., 2005).  
As  both,  Rab3  and  Munc13  bind  to  the  zinc  finger  domain,  it  was  initially 
postulated  that  the  interactions  of  these  proteins  with  RIM1α  were  mutually 
exclusive  (Betz et  al.,  2001).  However,  further  NMR Spectroscopy  and  X-ray 
crystallography  studies  of  the  RIM2α  zinc  finger  domain  have  shown  that 
although Munc13-1 binding weakly alters  the RIM2α/Rab3a  interaction, Rab3a 
and Munc13-1 bind to different regions, allowing for the formation of a tripartite 
Rab3A/α-RIM/Munc13-1  complex.  This  complex  is  involved  in  priming  of 
synaptic  vesicles  and  potentially  in  synaptic  plasticity  response  adaptation 
(Dulubova et al., 2005). 
1.4.3.2  PROTEINS  INTERACTING  WITH  THE  CHARGED 
DOMAIN 
PKA directly phosphorylates RIM1α at two sites, Ser413 and Ser1458 (Lonart 
et  al.,  2003).  In  culture,  it  has  been  shown  that  phosphorylation  at Ser413  is 
required  for  the  induction  of  LTP  at  the  cerebellar  parallel  fiber  synapse. 
However, recent studies using a knock-in mouse carrying the mutation S413A, 
suggest  that  phosphorylation  of  RIM1α  at  Ser413  is  not  necessary  for 
presynaptic LTP, learning and memory (Kaeser et al., 2008b).  
14-3-3  are  ubiquitous  phosphoserine-binding  proteins,  that  play  a  role  in 
synaptic  transmission.  Phosphorylated  RIM  can  interact  with  14-3-3  adapter 












part,  responsible  for  the  synaptic  localization  of  RIM1  (Ohtsuka  et  al.,  2002; 
Wang et al., 2002). However, deletion of ELKS in C. elegans does not alter the 
localization of RIM1, indicating that ELKS are not necessary for RIM localization 
(Deken  et  al.,  2005).  Interestingly,  ELKS2  KO  mice  showed  a  significant 
increase in RIM1α solubility (Kaeser et al., 2009), consistent with an increase of 
ELKS soluble  fraction  in RIM1α/β DKO (Kaeser et al., 2008a), suggesting  that 
the  interaction  between  RIM1α  and  ELKS2  is  important  for  the  integration 
(cross-linking) of these proteins at the Active Zone. 
1.4.3.4  PROTEINS INTERACTING WITH THE C2 DOMAINS 
SNAP-25  binding  to  RIMs  was  shown  to  take  place  through  the  RIM  C2A 
domain  in a calcium-dependent manner  in vitro. This  interaction would directly 




PICCOLO.  Direct  interaction  between  Piccolo  and  RIM2  has  only  been 
described  in  β-pancreatic  cells.  Piccolo  dimerization  through  its  C2A  domain 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switches  from  homodimer  to  a  RIM2-piccolo  heterodimer  form  in  a  calcium 
dependent manner (Shibasaki et al., 2004) 
SYNAPTOTAGMIN  1  was  shown  to  bind  to  the  RIM1α  C2A  and  C2B 
domains in vitro. Pull-down experiments revealed an association between RIMs 












et  al.,  2003),  suggesting  a  possible  role  of  Liprin-α  as  link  between  motor 
proteins and RIM, indicating that Liprin-α might be involve in RIM1α trafficking  
RIM-BP  (RIM-binding  protein)  interacts  with  the  proline  rich  region  of  RIMs 
through  its  second  SH3  interaction motif.  Interestingly,  RIM-BPs  can  interact 
simultaneously with RIM and with  the alpha subunit of L- and T-type voltage-
gated  calcium  channels,  acting  as  bridge  between  RIM  proteins  and  these 
channels (Hibino et al., 2002).  
CALCIUM CHANNELS. The RIM C2B domain was found to interact with the 






SCRAPPER.  The synapse-associated E3 ubiquitin  ligase binds  to RIM1 and 
ubiquitinates the protein (Yao et al., 2007). In recent years, proteasome activity 
in  neurons  has  been  a  field  of  increasing  interest,  because  of  its  role  in  the 
modulation  of  synaptic  transmission  (Tai  and  Schuman,  2008).  The 
ubiquitination  of  RIM1α  by  SCRAPPER  leads  to  its  degradation,  thereby 
modulating synaptic plasticity (Yao et al., 2007).  
SAD-B  KINASE,  a  synaptic  vesicle  associated  serine/threonine  kinase, has 
been recently shown to specifically phosphorylate RIM1α near the C2B domain 
(Inoue  et  al.,  2006).  SAD-B,  as  well  as  the  SAD-1  kinase,  the  C.  elegans 
homolog, have been implicated in presynaptic differentiation and axon/dendrite 
polarization  (Crump  et  al.,  2001;  Kishi  et  al.,  2005).  In  neurons,  SAD-B  is 
involved in the regulation of neurotransmitter release, as overexpression of wild 
type  SAD-B  results  in  an  increase  of  mEPSP  frequency,  whereas  SAD-B 
lacking  its  kinase activity  leads  to a  decrease  (Inoue et  al., 2006). Effects  on 




Fig .  1 .8.  Direct   and  indirect   proteins  in teraction  of  RIM1α  at   the  Active 
Zone 







as well as α-RIM knockout mice have contributed  to  the understanding of  the 
functional role of RIM1α and RIM2α in synaptic function.  
1.4.4.1  UNC-10 DEFICIENT C. ELEGANS  
Loss  of  UNC-10/RIM  in  C.  elegans  leads  to  behavioural  and  physiological 
deficits  (Koushika et  al.,  2001). UNC-10 mutant worms are  smaller  and  show 
locomotor defects. Ultrastructural analysis after aldehyde  fixation of  the  tissue 
showed  no  changes  in  the  size  and  composition  of  the  presynapse. 




in a more native state provided new  insights  into  the synaptic ultrastructure of 
wild  type  and  mutant  worms,  showing  a  clustering  of  synaptic  vesicles  near 
electron dense projections. Loss of UNC-10 resulted in a significant decrease of 
vesicles contacting the membrane adjacent to these dense projections (Weimer 
et  al.,  2006),  thus  implying  a  role  of UNC-10/RIM  in  the  targeting  of  synaptic 
vesicles to the presynaptic density through its interaction with Rab3 (Gracheva 
et  al.,  2008).  This  fact  was  corroborated  by  the  analysis  of  Rab3  mutants, 
showing  a  decrease  in  the  number  of  synaptic  vesicles  attached  to  the 
presynaptic  densities  (Gracheva  et  al.,  2008).  In  addition,  Gracheva  and 
collaborators  showed  a  colocalization  of  UNC-10  and  the  calcium  channel 
UNC-2  at  presynaptic  densities,  suggesting  that  RIM  is  required  for  the 
targeting  of  synaptic  vesicles  to  the  presynaptic  densities  and  thereby  into 
proximity of calcium channels. 
Electrophysiological  characterization  of  worms  lacking  UNC-10/RIM  found 
changes  in  spontaneous  and  evoked  synaptic  activity.  Deletion  of  UNC-10 
leads  to  a  significant  decrease  in  evoked  EPSCs  together  with  a  reduced 
frequency  of  mini-EPSC.  However  the  amplitude  of  the mini  events  was  not 
altered  compared  to  controls.  These  data  indicated  that  UNC-10/RIM  is  not 
necessary for the fusion process itself because of the presence of spontaneous 




rescue  the UNC-10/RIM phenotype, suggesting  that UNC-10/RIM plays a  role 
in  priming  (Koushika et  al.,  2001).  In  addition,  deletion  of  the RIM  interacting 




data  indicate  that  UNC-10  via  its  interaction  to  UNC-13  coordinates  synaptic 
vesicle  maturation  to  a  fusion  competent  state,  driving  Syntaxin  to  an  open 
conformation  necessary  for  SNARE  complex  assembly  and  therefore  for 
synaptic vesicle priming. 
1.4.4.2  RIM1α KO MICE 
Detailed  analyses  of  RIM1α  and  RIM2α  single  KO  mice,  as  well  as,  double 
knockout (DKO) mice, have provided new insights into the function of α-RIMs in 
vertebrates. RIM1α deficient mice are viable and fertile (Schoch et al., 2002) but 
show  relevant  impairments  in  synaptic  transmission  (Calakos  et  al.,  2004; 
Castillo et al., 2002; Schoch et al., 2002). 
Synapses  lacking  RIM1α  do  not  undergo  ultrastructural  changes.  Electron 
microscopy  analysis  of  synapses  in  the  hippocampal  CA1  region,  using 
aldehyde fixation, revealed no alterations in synaptic density, the size of Active 
Zones,  or  the  number  of  docked  vesicles  (Schoch  et  al.,  2002).  Moreover, 
RIM1α  KO  mice  displayed  no  changes  in  the  expression  of  any  interaction 
partner,  apart  from  Munc13-1.  Levels  of  this  protein  are  decreased  to  40% 
compared to wild  type mice.  In addition, a small  increase  in  the expression of 
several  postsynaptic  proteins  (GRIP, Shank, PSD-95, SynGAP) was detected 
(Schoch et al., 2002). 
The  physiological  consequences  of  RIM1α  absence  have  been  studied  in 
cultured neurons and  in acute slice preparations. Electrophysiological analysis 
of  neurons  lacking  RIM1α  yielded  similar  results  as  observed  in C.  elegans 
(Gracheva et al., 2008; Koushika et al., 2001), supporting  the hypothesis  that 




RIM1α  in  priming  (Schoch  et  al.,  2002).  This  feature  is  corroborated  by  the 
decrease  in  release probability  in  the mutant mice because RIM1α enhances 
the  release  probability  by  increasing  the  RRP  size  (Calakos  et  al.,  2004; 
Schoch et al., 2002). 
Additionally, RIM1α plays a key role in short- and long-term synaptic plasticity, 
but  its  effect  depends  on  the  type  of  synapse  (Schoch  et  al.,  2002).  In  CA1 
excitatory neurons,  the Schaffer collateral/commissural  fiber synapses, RIM1α 
maintains  a  normal  neurotransmitter  release  and  is  necessary  for  short-term 
potentation. In contrast to this, in mossy fiber synapses in the CA3 region of the 
hippocampus and at  the parallel  fibre/Purkinje cell  synapse  in  the cerebellum, 
deletion of RIM1α has no visible effect on acute neurotransmitter  release, but 
abolishes LTP (Castillo et al., 2002). These differences  in  the effect of RIM1α 
deletion  in  excitatory  synapses  have  been  associated  with  the  different 
mechanisms  underlying  synaptic  plasticity.  In  neurons  where  long-term 
plasticity principally involves a presynaptic PKA-dependent component, deletion 
of  RIM1α  impairs  LTP.  In  contrast,  in  neurons  with  a  postsynaptic  NMDA-
receptor dependent LTP, loss of RIM1α does not induce changes in long-lasting 
plasticity (Castillo et al., 2002). Furthermore, RIM1α has been implicated in the 
late  phase  of  NMDA-receptor  dependent  LTP  (L-LTP)  of  Schaffer  collateral 
synpases  and  the  corticoamygdaloid  pathway,  where  activation  of  PKA  and 
NMDARs, is necessary for this form of plasticity (Huang et al., 2005).  
The  effect  of  RIM1α  on  presynaptic  long-term  potentiation  in  mossy  fiber 
synapses  and  cerebellar  parallel  fibers  has  been  associated  with  the 






In  addition  to  excitatory  synapses,  in  inhibitory  synapses RIM1α  also  plays  a 




Taken  together,  long  lasting  changes  in  the  release  machinery  mediated  by 
PKA  signalling  and  RIM1α  represent  a  general  mechanism  for  presynaptic 
regulation  of  long-term  plasticity  at  both  excitatory  and  inhibitory  synapses 
(McBain and Kauer, 2009). Additionally, behavioural studies were performed by 
Powell et al., finding that RIM1 KOs have learning and memory deficits (Powell 
et  al.,  2004).  This  phenotype  might  be  associated  with  the  impairments  in 
synaptic plasticity. 
1.4.4.3  RIM2α KO MICE 
RIM1α  and  RIM2α  are  highly  homologous  proteins,  and  are  expressed  in 
overlapping  but  diverging  patterns.  In  contrast  to  the  RIM1α  KO,  ablation  of 
RIM2α does not lead to a remarkable phenotype. RIM2α Knockout mice show 
no  changes  in  either  excitatory  or  in  inhibitory  neurotransmission.  In  addition, 
loss of RIM2α  in  the hippocampus does not alter synaptic plasticity processes 
or  release  probability  (Schoch et  al.,  2006).  These  results  contrast  with  data 
obtained  from RIM1α KO mice, where synaptic  transmission and  facilitation  is 






et  al.,  2006).  α-RIM deficient  neurons  do  not  undergo  changes  in  number  or 
size  of  synapse.  In  addition,  no  ultrastructural  changes  can  be  detected. 
Ablation  of  both  isoforms  does  not  alter  expression  levels  of  other  synaptic 
proteins,  with  exception  of  Munc13-1.  Nevertheless,  there  are  no  significant 





synapses  are  unable  to  mediate  normal  calcium  triggered  neurotransmitter 
release,  indicating  that  α-RIMs  are  necessary  for  a  proper  maintenance  of 
calcium-triggered exocytosis (Schoch et al., 2006). 
1.4.4.5  ROLE OF RIM1β IN SYNAPTIC FUNCTION 
Recently,  Kaeser  et  al.  showed  that  the  RIM1  gene  generates  an  additional 
isoform,  RIM1β,  due  to  the  presence  of  an  internal  promotor.  The  domain 
structure of RIM1β is identical to the one of RIM1α, except that it  lacks the N-
terminal  Rab3  binding  sequence.  RIM1β  and  RIM1α  show  overlapping 
expression patterns. Nevertheless, RIM1β is preferentially expressed in caudal 
brain region, in contrast to RIM1α that is mostly found in the frontal brain area. 
Deletion  of  both  RIM1  proteins  impairs  survival,  consistent  with  a  higher 
expression of RIM1β  in posterior brain regions and the overall upregulation of 
RIM1β  in  the RIM1α KO mice.  In general, deletion of RIM1β exacerbates  the 




The RIM1 DKO also presents some differences  in  the composition of  the AZ. 
Munc13-1  protein  levels  are  extremely  reduced.  In  addition,  the  solubility  of 
ELKS, RIM-BPs and Liprins and Munc13-1 is increased, pointing to a key role 









associated  with  the  development  of  neuropathological  events.  α-Synuclein 
plays  a  critical  role  in Parkinson disease. The work of Kruger  and  colleagues 
showed  that point mutations  in  the α-Synuclein sequence  lead  to a change  in 
the  conformation,  inducing  protein  aggregation  (Krüger  et  al.,  1998).  α-
Synuclein  is  a  major  component  of  Lewy  bodies.  Interestingly,  α-Synucleins 
bind to the synaptic vesicle protein CSPα (cysteine string protein α). Deletion of 
the presynaptic co-chaperone CSPα accelerates neurodegenerative processes 
(Fernández-Chacón,  2004).  This  phenotype  can  be  rescued  by  moderate 
overexpression  of  synucleins,  and  is  aggravated  if  synucleins  are  deleted 
(Chandra et al., 2005). 
Also  in  neurological  diseases  like  schizophrenia  and  autisms,  there  is  an 
implication  of  synaptic  proteins.  Components  of  the  presynaptic  release 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machinery and  the cytomatrix of  the Active Zone have been  implied  to play a 
role  in  schizophrenia  (Weidenhofer  et  al.,  2006;  Weidenhofer  et  al.,  2009). 
Particularly, the expression of RIM2, RIM3 and Piccolo was up-regulated in the 
amygdala of patients with schizophrenia as compared to controls (Weidenhofer 
et al., 2006).  In addition, RIM1α knockout mice show a specific  impairment  in 
learning and memory, and  trigger schizophrenia-related behaviours  (Powell et 
al.,  2004).  In  the  case  of  autisms,  several mutations  have  been  found  in  the 
genes  coding  for  Neuroligins  (postsynaptic)  and  Neurexins  (presynaptic) 
(Südhof, 2008b).  




proteins  synapsin1  (Terada  et  al.,  1999)  and  SV2A  (Crowder  et  al.,  1999). 
Interestingly,  SV2A  is  known  to  be  the  high  affinity  binding  site  for  the wide-
used antiepileptic drug levetiracetam (Lynch et al., 2004). In humans, mutations 
in  synapsin1 have been  found  in  a  family with  epilepsy  (Garcia et  al.,  2004). 
Furthermore, antibodies against the S/M protein Munc18, essential component 
of  the  synaptic  vesicle  fusion  machinery,  were  found  in  one  patient  with 
Rasmussen  Encephalitis,  a  rare  form  of  epilepsy,  characterized  by  severe 
seizures and degeneration of one brain hemisphere (Yang et al., 2000) 
Therefore, accumulating evidence suggests  that a better understanding of  the 
molecular mechanism underlying  the  regulation of synaptic vesicle  fusion and 





Chemical  transmission at  the  synapse  is a  tightly  regulated process, which  is 
characterized by  its  high  speed,  precision  and  spatial  restriction  to  the Active 
Zone  as  well  as  by  its  plasticity.  To  ensure  the  perfect  coordination  of  the 
ensemble of  processes  involved,  the  execution machinery  needs  to  be  tightly 
organized  at  the  molecular  level,  both  structurally  and  functionally.  In  recent 
years, RIM1α and RIM2α have emerged as key players in synaptic function with 
a  regulatory  role  in  synaptic  vesicle  exocytosis  at  the  Active  Zone  and  in 
presynaptically  mediated  forms  of  short-  and  long-term  synaptic  plasticity. 
However,  so  far  the  smallest  members  of  the  RIM  gene  family,  RIM3γ  and 
RIM4, have not been studied  in detail.  It  is  therefore still unresolved  if γ-RIMs 
function  in  concert  with  full  length  RIMs  or  are  components  of  completely 
unrelated molecular processes. 
The main objective of  the present study was  to  improve  the understanding of 
the  molecular  and  physiological  function  and  regulation  of  γ-RIM  proteins  in 
neurons. For this purpose, the following goals were addressed.  
1. The  first  aim  was  to  thoroughly  resolute  the  spatial  and  cellular 
expression  patterns  of  RIM3γ  and  RIM4γ  in  the  rat  brain.  Knowledge 
about their distribution and subcellular localization, in relation to the full-
length  isoforms,  is  instrumental  to  understand  their  physiological 
relevance. Therefore,  it  should be examined  if both γ-RIM  isoforms are 
coexpressed with  the  full  length RIM proteins,  and associated with  the 
CAZ. 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RIM4γ.  Therefore  a  loss-of-function  approach  via  RNA  interference, 









































































































































































































HRP-anti mouse IgG  Vector Laboratories 





























Table 3.8  In si tu  hybridization probe sequences 
    
3.6.3  shRNA sequences 
R3SHRNA1 FW CGCGTCCCCGGCAAGGTTCTACAGGTGATTCAAGAGATCACCTGTAGAACCTTGCCTTTTTGGAAAT 
R3SHRNA1 RV     AGGGGCCGTTCCAAGATGTCCACTAAGTTCTCTAGTGGACATCTTGGAACGGAAAAACCTTTAGC 
R3SHRNA2 FW CGCGTCCCCCGCCAAGATGGTGGCTATTGTTTCAAGAGAACAATAGCCACCATCTTGGCGTTTTTGGAAAT 
R3SHRNA2 RV    AGGGGGCGGTTCTACCACCGATAACAAAGTTCTCTTGTTATCGGTGGTAGAACCGCAAAAACCTTTAGC 
R3SHRNA3 FW CGCGTCCCCGCCACCTATATCAAGGCTTACTTCAAGAGAGTAAGCCTTGATATAGGTGGCTTTTTGGAAAT 
R3SHRNA3 RV     AGGGGCGGTGGATATAGTTCCGAATGAAGTTCTCTCATTCGGAACTATATCCACCGAAAAACCTTTAGC 
R3SHRNA4 FW CGCGTCCCCGGAGCACCAACAGTAACAGCTTTCAAGAGAAGCTGTTACTGTTGGTGCTCCTTTTTGGAAAT 
R3SHRNA4 RV     AGGGGCCTCGTGGTTGTCATTGTCGAAAGTTCTCTTCGACAATGACAACCACGAGGAAAAACCTTTAGC 
 
R4SHRNA1 FW CGCGTCCCCGGATGTGGAGATCGGTTTACATTCAAGAGATGTAAACCGATCTCCACATCCTTTTTGGAAAT 
R4SHRNA1 RV     AGGGGCCTACACCTCTAGCCAAATGTAAGTTCTCTACATTTGGCTAGAGGTGTAGGAAAAACCTTTAGC 
R4SHRNA2 FW CGCGTCCCCCGTGGGTTGGTACAAGCTCTTTTCAAGAGAAAGAGCTTGTACCAACCCACGTTTTTGGAAAT 
R4SHRNA2 RV     AGGGGCCTACACCTCTAGCCAAATGTAAGTTCTCTTTCTCGAACATGGTTGGGTGCAAAAACCTTTAGC 
R4SHRNA3 FW CGCGTCCCCGGAGGAGTTTGTCTAGCTTCATTCAAGAGATGAAGCTAGACAAACTCCTCCTTTTTGGAAAT 
R4SHRNA3 RV     AGGGGCCTCCTCAAACAGATCGAAGTAAGTTCTCTACTTCGATCTGTTTGAGGAGGAAAAACCTTTAGC 
    
R4SHRNA4 FW CGCGTCCCCATCACTGGACCCGTTGTACAACTTCAAGAGAGTTGTACAACGGGTCCAGTGACTTTTTGGAAAT 
R4SHRNA4 RV     AGGGGTAGTGACCTGGGCAACATGTTGAAGTTCTCTCAACATGTTGCCCAGGTCACTGAAAAACCTTTAGC 
3.6.4  CLONING PRIMER 
CLONING PRIMER FOR FLUORESCENT PROTEINS       
TEMPLATE  FW  RV   5´-SEQUENCE-3´  ENZYME  VECTOR 
CHERRY  797  798  GCGGGATCCGAATTCGTACCGGTCGCC  BamHI, 
EcoRI 
pcDNA3.1, pL26 
CHERRY  798  797  GCGCAATTGTTACTTGTACAGCTCGTCCATG  MfeI  pcDNA3.1, pL26 
GFP  799  800  GCGAGATCTACCATGGATGGTGAGCAAGGGCGAGGAG  BglII  pcDNA3.1, pL26 





CLONING PRIMER FOR γ-RIM FULL LENGTH       
GEN  FW  RV  5´-SEQUENCE-3´  ENZYME  VECTOR 
RIM3γ  805  806  GCGGAATTCCACCATGTTTAACGGGGAGCCTGG    EcoRI  pcDNA3.1, pL26 
RIM3γ  806  805  GCGGAATTCGGAGCACGAGGGGCTGGTGG    EcoRI  pcDNA3.1, pL26 
RIM3γ  807  808  GCGGAATTCATGTTTAACGGGGAGCCTGG   EcoRI  pcDNA3.1, pL26 
RIM3γ  808  807  GCGGAATTCTTAGGAGCACGAGGGGCTGGTGG    EcoRI  pcDNA3.1, pL26 
RIM4γ  809  810  GCGGGATCCACCATGGAGCGCTCGCAGAGC    BamHI  pcDNA3.1, pL26 
RIM4γ  810  809  GCGGAATTCAGATCGCTCGCCACAGGG    EcoRI  pcDNA3.1, pL26 
RIM4γ  811  812  GCGGGATCCATGGAGCGCTCGCAGAGC  BamHI  pcDNA3.1, pL26 
RIM4γ  812  811  GCGGAATTCTTAAGATCGCTCGCCACAGGG  EcoRI  pcDNA3.1, pL26 
    
CLONING PRIMER FOR γ-RIM DELETION CONSTRUCTS        
GEN  FW   RV   5´-SEQUENCE-3´  ENZYME  VECTOR 




RIM3γ  1536  1535  GCGGAATTCTATGGAAGGGGCCACCAAGAAG  EcoRI  pLenti-EF1α 
RIM3γ  1537  1535  GCGGAATTCTATGACCACCACAGCCAAGAAAC  EcoRI  pLenti-EF1α 
RIM4γ  1538  1539  GCGGAATTCTATGACACCCATGGGGGATGTG  EcoRI  pLenti-EF1α 
RIM4γ  1539  1538, 40  GCGGAATTCTTAAGATCGCTCGCCACAGG  EcoRI  pLenti-EF1α 
RIM4γ  1540  1539  GCGGAATTCTATGGACAGCCGGAGGCTGAAG  EcoRI  pLenti-EF1α 
RIM3γ  1050  1051  CCCCCCATGGGAGATGTGCAC    pCDNA3.1/NT-GFP-TOPO 
RIM3γ  1224  1051  AGCAAAAGCACACTGCAGCTC    pCDNA3.1/NT-GFP-TOPO 
RIM3γ  1227  1051  ACCACCACAGCCAAGAAAC    pCDNA3.1/NT-GFP-TOPO 
RIM4γ  1056  1057  CTGGCTACCACACCCATG    pCDNA3.1/NT-GFP-TOPO 
RIM4γ  1225  1057  ATGAACTCCTTCGATGATGAGG    pCDNA3.1/NT-GFP-TOPO 
RIM4γ  1057  1056, 
1225 
CCGAAGCAGGGGACCTGTGG    pCDNA3.1/NT-GFP-TOPO 
Table 3.9 Primers used for  DNA ampli ficat ion 
 





























MATERIAL      52 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Fig . 3.5  pCDNA 3.1 vector ( Invitrogen) 
MATERIAL      54   54 















Fig . 3.7  pLVTHM vector  (Trono Lab) 





















































































































































































3.8.4  Protein al ignment  
RIM1  MSSAVGPRGPRPPTVPPPMQELPDLSHLTEEERNIIMAVMDRQKEEEEKEEAMLKCVVRDMAKPAACKTPRNAESQPHQP  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  PLNIFRCVCVPRKPSSEEGGPERDWRLHQQFESYKEQVRKIGEEARRYQGEHKDDAPTCGICHKTKFADGCGHLCSYCRT  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  KFCARCGGRVSLRSNNEDKVVMWVCNLCRKQQEILTKSGAWFFGSGPQQPSQDGTLSDTATGAGSEVPREKKARLQERSR  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
MATERIAL      62   62 
RIM1  SQTPLSTAAVSSQDTATPGAPLHRNKGAEPSQQALGPEQKQASRSRSEPPRERKKAPGLSEQNGKGGQKSERKRVPKSVV  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
 
RIM1  QPGEGIADERERKERRETRRLEKGRSQDYSDRPEKRDNGRVAEDQKQRKEEEYQTRYRSDPNLARYPVKAPPEEQQMRMH  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  ARVSRARHERRHSDVALPHTEAAAAAPAEATAGKRAPATARVSPPESPRARAAAAQPPTEHGPPPPRPAPGPAEPPEPRV  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  PEPLRKQGRLDPGSAVLLRKAKREKAESMLRNDSLSSDQSESVRPSPPKPHRPKRGGKRRQMSVSSSEEEGVSTPEYTSC  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  EDVELESESVSEKGDLDYYWLDPATWHSRETSPISSHPVTWQPSKEGDRLIGRVILNKRTTMPKESGALLGLKVVGGKMT  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  DLGRLGAFITKVKKGSLADVVGHLRAGDEVLEWNGKPLPGATNEEVYNIILESKSEPQVEIIVSRPIGDIPRIPESSHPP  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  LESSSSSFESQKMERPSISVISPTSPGALKDAPQVLPGQLSVKLWYDKVGHQLIVNVLQATDLPPRVDGRPRNPYVKMYF  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  LPDRSDKSKRRTKTVKKLLEPKWNQTFVYSHVHRRDFRERMLEITVWDQPRVQDEESEFLGEILIELETALLDDEPHWYK  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  LQTHDESSLPLPQPSPFMPRRHIHGESSSKKLQRSQRISDSDISDYEVDDGIGVVPPVGYRASARESKATTLTVPEQQRT  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
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RIM1  THHRSRSVSPHRGDDQGRPRSRLPNVPLQRSLDEIHPTRRSRSPTRHHDASRSPADHRSRHVESQYSSEPDSELLMLPRA  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  KRGRSAESLHMTSELQPSLDRARSASTNCLRPDTSLHSPERERHSRKSERCSIQKQSRKGTASDADRTHRQGSPTQSPPA  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  DTSFGSRRGRQLPQVPVRSGSIEQASLVVEERTRQMKVKVHRFKQTTGSGSSQELDHEQYSKYNIHKDQYRSCDNASAKS  
RIM3  --------------------------------------------------------------------------------  
RIM4  --------------------------------------------------------------------------------  
 
RIM1  SDSDVSDVSAISRASSTSRLSSTSFMSEQSERPRGRISSFTPKMQGRRMGTSGRAIIKSTSVSGEIYTLERNDGSQSDTA  
RIM3  -----------------------MFNGEPGPASAG----------------ASRNVVRSSSISGEICGSQQAGG-----G  
RIM4  --------------------------------------------------------------------MERSQS------  
 
RIM1  VGTVGAGGKKRRSSLSAKVVAIV--SRRSRSTSQLSQTESGHKKLKSTIQRSTETGMAAEMR-KMVRQPSRESTDGSINS  
RIM3  AGTTTA--KKRRSSLGAKMVAIVGLTQWSKSTLQLPQPEGATKKLRSNIRRSTETGIAVEMRSRVTRQGSRESTDGSTNS  
RIM4  -----------RLSLSASFEALAIYFPCMNSFDDEDAAD--SRRLKGAIQRSTETGLAVEMPSRTLRQASHESIEDSMNS  
 
RIM1  YSSEGNLIFPGVRVGPDSQFSDFLDGLGPAQLVGRQTLATPAMGDIQIGMEDKKGQLEVEVIRARSLTQKPGSKSTPAPY  
RIM3  NSSEGTFIFP-TRLGAESQFSDFLDGLGPAQIVGRQTLATPPMGDVHIAIMDRSGQLEVEVIEARGLTPKPGSKSLPATY  
RIM4  YGSEGNLNYGGVCLASDAQFSDFLGSMGPAQFVGRQTLATTPMGGVEIGLQERNGQLEVDIIQARGLTAKPGSKTLPAAY  
 
RIM1  VKVYLLENGACIAKKKTRIARKTLDPLYQQSLVFDESPQGKVLQVIVWGDYGRMDHKCFMGVAQILLEELDLSSMVIGWY  
RIM3  IKAYLLENGACVAKKKTKVAKKTCDPLYQQALLFDEGPQGKVLQVIVWGDYGRMDHKCFMGMAQIMLDELDLSAVVTGWY  
RIM4  IKAYLLENGVCIAKKKTKVARKSLDPLYNQVLLFPESPQGKVLQVIVWGNYGRMERKQFMGVARVLLEELDLTTLAVGWY  
 
RIM1  KLFPPSSLVDPTLAPLTRRASQSSLESSSGPPCIRS  
RIM3  KLFPTSSVADSTLGSLTRRLSQSSLESATSPSCS--  
RIM4  KLFPTSSMVDPATGPLLRQASQLSLESTVGPCGERS  
 






























at 37°C and 250 rpm. 2 ml  from  the starter culture were added  to 250 ml LB 
medium  and  incubated  overnight  at  20°C  and  100  rpm.  When  the  bacterial 
culture reached an OD600 of 0,55, it was cooled down on ice for 10 minutes. The 
ice-cold bacteria culture was centrifuged 10 minutes by 2500 rpm and 4°C. The 







50  μl  of  competent  bacteria  were  thawed  on  ice.  An  appropriate  amount  of 
DNA,  5  μl  of  a  ligation  reaction  or  1  μl  DNA  for  retransformation  of  plasmid 
DNA, was added and  together with  the cells  incubated  for 20 minutes on  ice. 
Afterwards  the  transformation  reaction  was  heat  shocked  at  42°C  for  42 




20  μl  of  competent  bacteria  were  thawed  on  ice.  An  appropriate  amount  of 
DNA, 1 μl ligation reaction, was added, mixed and incubated for one minute on 
ice  in  an  electroporation  cuvette  (0.1  cm,  BioRad).  Subsequently,  an  electric 
pulse (Micropulser electroporator, BioRad) of 1.80 kV was administered. Then 
the  cells were  immediately  removed  from  the  cuvette with  200 μl  LB-Medium 
and allowed  to  recover  for  45 minutes  to 1 hour  at  37°C  in  a  thermo  shaker. 
After recovery, the cells were carefully plated on selection plates.  
4.1.3  Bacteria culture 
To  cultivate E.  coli  strains,  LB medium  was  inoculated  with  bacteria  (colony 
from an agar plate, glycerol stock or preparatory culture) and agitated for 12-16 
h at 37°C and 200 rpm, unless otherwise stated. The bacteria were preserved 
as  colonies  on  agar  plates  at  4°C  up  to  6 weeks,  or  as  glycerol  stock  (50% 
glycerol in LB medium w/o) at -80°C for long-term storage. 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4.1.4  DNA plasmid purif ication 
Purification of plasmid DNA was performed using commercial kits (“mini”, “midi” 
and  “maxi”  purification  kits),  following  the  manufacture’s  instructions.  DNA 
concentration was determined by spectrophotometric analysis, according to the 
extinction coefficient at 260 nm for double stranded DNA: 1 OD260 = 50 mg/ml.  
Plasmid mini  preparation was used  for  restriction  analysis  and  sequencing of 
clones  after  ligation.  Plasmid  midi-kit  was  employed  to  prepare  DNA  for 
digestion,  cloning  and  cell  culture  transfection.  For  virus  production  and 
neurons  transfection,  endotoxin-free  maxi  kit  (Quiagen  GmbH,  Germany) 
preparation was used to obtain high quality DNA. 





shrimp alkaline phosphatase  (SAP)  for one hour at 37°C. T4 DNA  ligase was 
used to ligate both sticky and blunt DNA ends.  
For a  typical  ligation reaction, 100ng of vector DNA and  insert were used at a 
molecular ratio of 1:3. The ligation reaction was performed at 37°C for one hour 
or  at  16°C  overnight.  TA  cloning  of  PCR  products  into  TOPO-TA,  CT-GFP 
TOPO and NT-GFP TOPO vectors  (Invitrogen, Carlsbad, CA) was performed 
according to manufacturer’s instructions.  







ethanol  (100%,  1  ml).  After  30  minutes  of  centrifugation  at  full  speed  a  tiny 
white  pellet  was  visible,  which  was  washed  with  70%  ethanol  before  being 
resuspended in 2-6 μl distilled water. 
4.1.7  DNA sequencing 
Sequencing  of  plasmid  DNA  was  carried  out  using  BigDye  Terminator  v3.1 
cycle sequencing kit  (Applied Biosystems) and specific primers (Table 3.7)  for 
each vector. The sequencing PCR  reaction was purified via gel  filtration on a 
spin  columm  (DyEx  2.0  spin  kit,  Quiagen).  PCR  fragments  were  separated, 
monitored and analyzed in a capillary sequencer (Applied Biosystems 3130/xl/ 
Genetic  Analyzer).  Sequence  analysis  was  carried  out  using  Lasergene  8 
software SeqMan. 
4.1.8  PCR product purif ication and gel extraction 
PCR  products  were  purified  using  commercially  available  purification  kit 




For  gel  extraction  the  DNA  was  fractionated  on  an  agarose  gel,  visualized 
under  UV  light,  excised  from  the  gel  and  purified  using  commercial  kits 




























Total  RNA  was  extracted  from  whole  brain  or  brain  regions  after 
homogenization  in TRI  reagent  (Sigma-Aldrich, Germany)  using  the  SV  Total 
RNA  isolation  system  (Promega,  Madison,  WI).  Subsequently  mRNA 
purification  was  performed  using  Dynabeads  Oligo(dT)25  kit  (Invitrogen, 
Carlsbad,CA).  
RNA  samples  were  stored  at  -80°C  or  directly  used  for  cDNA  preparation. 
Reverse  transcription  was  carried  out  using  5  µg  of  total  RNA  and  the 
RevertAid™  Premium  Reverse  Transcriptase  (Fermentas  GmbH,  Germany) 
with  random  hexamer  primers,  or  5  µl  of  Dynabeads  derived mRNA  solution 
with oligo (dT) primers. 
4.1.11   Cloning strategies 
4.1.11.1  OVEREXPRESSION CONSTRUCTS  IN  pcDNA3.1,  PL26 
AND PLENTI LN-EGFP-EF1α PLASMIDS 
Green  fluorescent  protein  (GFP)  or  red  fluorescent  protein  (mcherry)  were 
amplified by PCR and cloned into the pcDNA3.1 and pL26 vector as described 
(Fig.  4.1).  Full  length  and  deletion  sequences  of  RIM3γ  and  RIM4γ  were 
generated  by  PCR  using  suitable  primers  (Table  3.9),  and  subsequently 
inserted into pcDNA3.1 or pL26 modified vectors. For cloning of RIM3γ, EcoR1 
restriction enzyme was used, whereas cloning of RIM4γ was performed using 








Fig . 4.2  Schematic depiction of  the overexpression plasmids  
 
4.1.11.2  CLONING  OF  shRNA  SEQUENCES  IN  THE  PLVTHM 
VECTOR 






Fig . 4.3  Structural  organization of  lentivi ra l shRNA constructs 
Cartoon  showing  the  structure  of  the  lentiviral  vector  used  for  the  cloning  of  the  shRNAs 
sequences.  The  pLVHTM  cloning  vector  (Trono  Lab)  contains  a  green  fluorescent  marker 
(GFP) under the control of the EF1α promoter, and the shRNA sequence under  the control of 
the H1 promoter in situ hybridization. 
Radioactive  ISH  was  performed  on  12  mm  cryosections.  Frozen  rat  brain 
sections  were  mounted  on  silane-coated  glass  slides,  fixed  with  4%  (w/v) 
paraformaldehyde  in  PBS,  dried  in  ascending  ethanol  concentrations  and 
stored under ethanol until hybridization. The sequences of the ISH probes used, 
are listed in Table 3.8. 
Probes  were  labeled  with  [35S]dATP  using  terminal  deoxyribonucleotidyl 
transferase (Fermentas, St. Leon-Rot, Germany). Each section was hybridized 
for 15-20 h in 150µl hybridization buffer (50 % deionized formamide / 10% (v/v) 




min  and  dried  in  ethanol.  Afterwards,  they  were  exposed  to  X-Ray  films 
(KODAK  BIOMAX MR;  Kodak,  Rochester,  NY)  for  two  to  four  weeks  and  to 
nuclear track emulsion (NBT2, Kodak) for up to three months.   
4.2  Biochemical  methods 
4.2.1   Generation of peptides antibodies 
RIM3γ and RIM4γ peptide antibodies were raised against the N-terminal amino 
acid  sequence  NH2-CSKSTLQLPQPEGATK-CONH2  (RIM3γ)  and  NH2-
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CFDDEDAADSRRLKGAIQR-CONH2 (RIM4γ) after an epitope analysis (Janin, 
1979;  Parker  et  al.,  1986)  by  Pineda  antibody  service  (http://www.pineda-
abservice.de/).  Antibodies  were  purified  from  rabbit  immunosera  by  affinity 






frozen  or  directly  used  for  protein  extraction.  Tissue  weight  was  determined, 





hours  post-transfection  cells  were  washed  with  cold  phosphate  saline  buffer 
and  lysed  in 250 ml  ice-cold buffer with 2% detergent  (SDS), 10 mM EDTA in 
PBS (pH 7.4) containing a protease inhibitor mixture (Roche).  
Protein  homogenates  from  neurons  were  prepared  from  6  well  plates  after 




nanodrop  (ND-1000).  The  protein  extracts  were  adjusted  to  a  final 
concentration of 5mg/ml using 6x SDS-loading buffer and lyses buffer. Samples 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were  heated  to  95°C  for  5  minutes,  50  µg  protein  were  loaded  and  size 
fractionated on 10% SDS-polyacrylamide gel electrophoresis (PAGE) gels, and 
transferred to nitrocellulose membrane. Membranes were preincubated for one 
hour at  room  temperature  (RT)  in blocking solution  (5% gelatin/ 0,1% Tween/ 
PBS),  and  then  incubated  with  the  primary  antibodies  for  1  hour  at  RT. 
Secondary  antibodies  were  IR-labeled  (Odyssey)  and  used  at  a  1:10.000 
dilution.  The  immunoblots  were  developed  with  an  infrared  imaging  System 
(Odyssey, Li-cor). 
4.2.2.2  SUBCELLULAR  FRACTIONATION  OF  ADULT  RAT 
BRAIN  
Eight Wistar rat brains (4 weeks old) were rapidly dissected, the cerebellum was 
removed,  and  the  remaining  tissue  was  washed  in  ice-cold  homogenization 
buffer  (0,32M  sucrose/100  mM  EDTA,  5mM  HEPES).  The  entire  isolation 
procedure was performed at 4°C, all buffers included complete protease block 




at 3000  rpm  (Beckman, J-20). The pellet  (P1, nuclear  fraction) was discarded 
and  the  supernatant  (S1,  crude  synaptosomal  fraction)  centrifuged  at  10.000 
rpm    (Beckman, J-20)  for 20 minutes. The synaptosomal cytosol  fraction  (S2) 
was removed and the crude synaptosomal pellet fraction (P2) was resuspended 
in  a  small  volume,  overlaid  on  a  sucrose  density  gradient  and  spun  for  two 
hours  and  24.600  rpm  (Beckman,  SW28).  After  centrifugation  two  different 
fractions  could  be  distinguished:  myelin  in  the  850/1000 mM  interphase  and 
synaptosomes  in  the  1000/1200  mM.  The  synapstosomes  were  carefully 





Synaptosomes  were  lysed  by  dilution  into  10  volumes  ice-cold  water,  and 
homogenized trough 3 strokes at 2000 rpm. Afterwards HEPES-KOH buffer (pH 
7,4) was added  to a 1%  final concentration and centrifuged  for 20 minutes at 
16.500 rpm (Beckman, SS-34). The resulting pellet contained synaptic plasma 





buffer  containing  0,5%  (w/v)  Triton  X-100,  rotated  for  20  minutes  and 
centrifuged  20  minutes  at  24.000  x  g.  The  resulting  pellet  (TX1)  was 
resuspended in 500 ml homogenization buffer containing 1% Triton X-100 (w/v), 
again rotated and centrifuged for 60 minutes. Supernatant of the 0,5% (w/v) or 




4.3.1  Eukaryotic cel l  culture  
All  cell  lines  were  cultured  in  humidified  incubators  supplied  with  5%  CO2  at 
37°C.  Cells  were  passaged  every  3-4  days  and  plated  in  a  1:5-1:20  dilution. 
HEK293T, cells were culture in DMEM 4.5 g/l glucose supplemented with 10% 




4.3.2  Primary cel l  culture 
Primary  neurons  were  prepared  as  described  by  (Kavalali  et  al.,  1999)  with 
some modifications.  
4.3.2.1  COVERSLIP TREATMENT 
The  treatment  of  the  coverslip  is  crucial  for  neuronal  adhesion  and  survival. 




The  pregnant  rat  or  mouse  was  sacrificed,  and  the  uterus  containing  the 
embryos  (E16-E19)  removed.  Embryo  heads were  dissected and placed  in  a 
Petri  dish  with  iced  cold  dissection  medium  (10  mM  HEPES  in  HBSS).  The 
cortex  and  the  hippocampus  of  every  pup  were  isolated  and  separately 
collected in 5 ml dissection solution, trypsin was added to a final concentration 
of 0,025-1% depending on the amount of tissue, and incubated for 10 minutes 
at  37  ºC.  Subsequently,  the  enzyme  solution  was  gently  removed  and  the 





a  new  falcon  tube  after  passing  trough  a  cell  filter  and  resuspended  in  4  ml 
BME.  The  cells  were  counted  using  a  Neubauer  chamber  and  diluted  to  an 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appropriate  concentration  for  seeding.  After  three  hours  the  medium  was 
replaced with fresh BME. 
4.3.3  Transient transfection of mammal ian cel ls 
4.3.3.1  HEK 293T 
HEK  293T  cells  were  transfected  to  express  proteins  of  interest  for Western 
Blot analyses. Cells were cultured in 10 cm dishes and transfected with plasmid 
DNA using  lipofectamine 2000  reagent  (Invitrogen, Carlsbad, CA), when  they 
were  80-90%  confluent.  The  DNA/lipofectamine  complex  formation  was 
prepared, according  to  the manufacturers  instructions,  in serum and antibiotic 
free  medium  Optimem  (Invitrogen,  Carlsbad,  CA),  but  cells  were  maintained 





The  transient  transfection  of  PC12  cells  was  carried  out  in  24-well  culture 
dishes  for  immunofluorescence  analyses.  Cells  were  plated  on  poly-L-Lysin 
coated  coverslips  at  a  40%  confluence.  Transfection  was  carried  out  using 
lipofectamine  2000  (Invitrogen,  Carlsbad,  CA).  Less  transfection  reagent  was 
used,  as  recommended,  to  decrease  toxicity.  DNA/lipofectamine  complexes 
were  prepared  in  Optimem  and  transfection  was  carried  out  in  PC12  growth 
medium  without  antibiotics  to  increase  transfection  efficiency.  36  hours  after 





in  24 wells  culture  dishes. Transfection was  carried out  at DIV3-5  using 1 ml 
lipofectamine 2000 reagent  (Invitrogen, Carlsbad, CA) and 1-2 mg DNA. Prior 
to  transfection,  500 ml  growing medium  (BME) was  removed  from each well, 
collected  and  conserved  by  37  ºC  and  5%  CO2.  DNA/transfection  reagent 
complex  formation was  completed  in Optimem  and  added  to  the  neurons.  In 
order to increase cell survival, neurons were washed with fresh BME 2-3 hours 
after  transfection  to  avoid  lipofectamine  toxicity  effects.  Finally,  the  previously 
collected  culture  medium  was  added  together  with  fresh  medium.  Primary 
neurons  were  grown  till  DIV  13-15  and  analyzed  using  confocal  microscopy 
(FV300, Olympus). 
4.4  Histo logical  and  immunohistochemical  
methods 
4.4.1  Animals and brain sections 
The  studies were  carried  out  on  brains  of Wistar  rats  if  not  otherwise  stated 
(Charles River, Sulzfeld, Germany). All animal use procedures were carried out 
in  accordance  with  the  European  communities  Council  Directive  of  24 
November 1986 (86/609/EEC). Rats were anesthetized by Isofluorane (Baxter, 














1%  BSA,  0,3%  Triton  X-100.  First  the  silices  were  incubated  with  affinity-
purified antibodies (Table 3.5)  in block buffer overnight at 4 °C in a humidified 
chamber,  followed by washing with PBS and by  incubation with  fluorescence-
labeled  or  biotin-labeled  secondary  antibodies  and  streptavidin-fluorescein 




Isolated  brains  were  sectioned  sagittaly  and  cryopreserved  by  TissueTek 
embedding  medium  (Sakura  Finetek  Europe  B.V.,  Zoeterwoude,  The 




permeabilized  for  30  minutes  in  0.5%  Triton  X-100  PBS  and  subsequently 
blocked in PBS 10% goat serum, 1% BSA, 0,3% Triton X-100. First, slices were 
incubated with affinity-purified antibodies  in block buffer overnight at 4 °C in a 
humidified  chamber,  followed  by  PBS  washing  and  fluorescence-labeled  or 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biotin-labeled  secondary  antibodies  and  streptavidin-fluorescein  (Table  3.5) 
incubation  for  1  h  at  RT.  After  washing  off  excess  antibody  with  PBS  slices 
were  covered  using  vectashield-hard  set  mounting  medium  (Vector 
Laboratories, Inc Burlingame, CA).  
4.4.4  Immunohistochemical analyses on the Retina 
Mouse,  rat  or  bovine  eyes  were  isolated,  embedded  in  Tissue-Tek  (Sakura 
Finetek  Europe  B.V.,  Zoeterwoude,  The  Netherlands),  and  directly  frozen  in 
liquid nitrogen. 10 µm slices were cut with a Microm HM 560 Microtom (Microm, 
Walldorf,  Germany).  Eye  sections  were  heat  fixated  10  minutes  by  60  °C, 
cooled down and blocked for one hour in 1% BSA/PBS. The first antibody was 
diluted in block solution and incubated overnight at 4 °C. Excess antibody was 
washed  off  three  times  ten  minutes  using  iced  cold  PBS,  followed  by 
fluorescence-labeled  secondary  antibody  incubation  for  one  hour  at  room 
temperature. After washing excess antibody,  the sections were covered using 
vectashield-hard  set  mounting medium  (Vector  Laboratories,  Inc  Burlingame, 
CA). 
4.4.5  Free-floating immunohistochemical analyses 
Wistar  rats  were  anesthetized  and  perfused  transcardially  with  PBS  for  5 
minutes, followed by 20 minutes of perfusion with 4% PFA/PBS (pH 7,4). After 
removal,  the  brain was postfixed  in  the  same  fixative  (4  °C,  90 minutes)  and 
equilibrated  in 30% sucrose  for 24 hours. The cerebellum was discarded and 
the  forebrain  was  embedded  in  agarose  and  subsequently  cut  in  100μm 





washed with  PBS  and  fixed with  4% PFA  in  PBS  for  10-15 minutes  at  room 
temperature. After  three washing steps with PBS, cells were permeabilized  in 
0,3  %  Triton  X-100/PBS  for  10  minutes.  Directly  after  permeabilization  a 
blocking  step was  carried  out  by  incubating  the  cells  in  Blocking  buffer  (10% 
Goat Serum, 1% BSA, 0.1% Triton X-100 in PBS) for at least 30 minutes, after 
which a primary antibody containing solution (blocking buffer) was applied and 
incubated  over  night  at  4  °C.  After  three  washes  with  PBS,  fluorochrome-
labeled secondary antibody (Table 3.5) was applied, and incubated for 1 hour at 
room temperature. Finally, cells were washed 3 times with PBS and coverslips 







Pol  as  well  as  most  of  the  viral  accessory  proteins;  an  envelope  vector 
expressing heterologous surface glycoproteins (vesicular stomatitis virus, VSV-
G); and a transfer vector for heterologous protein expression.  
In order  to  improve the biosafety of  the human  immunodeficiency virus  type 1 
(HIV-1)  derived  expression  systems  all  accessory  genes  except Tat  and Rev 
were  deleted  (second  generation  of  lentiviral  vectors).  Further  improvements 
lead  to  the  third  generation  of  HIV-1  based  vectors  where  the  tat  gene  was 
METHODS     82 
ablated,  and  the  gag/pol  and  rev  genes  were  placed  on  two  separate 
expression cassettes (Cockrell and Kafri, 2007).  
Transfer  vectors  used  for  expression  contained  the  transgene  expression 
cassette as well as the necessary elements required for packaging and reverse 
transcription.  If  these  vectors  were  tat-dependent,  ie.  pLVTHM,  second 
generation  of  packaging  vectors was  required  (pM2DG,  psPAX2).  In  all  other 
cases the third generation (ViraPower, Invitrogen, Carlsbad, CA) was used. 
4.5.2 HEK 293T culture and transfection 
Lentiviral  particles were  produced by  transfection  of  three or  four  plasmids  in 
HEK  293T  cells  using  lipofectamine  2000  reagent  (Invitrogen,  Carlsbad,  CA). 
Cells  were  plated  in  10  cm  culture  dishes  a  day  before,  to  achieve  50-60% 
confluency  on  transfection  day.  The  transfection  reaction  was  performed  in 
Optimem  with  30-40  µg  DNA  including  all  vectors  and  60  µl  lipofectamine. 
Shortly before applying the transfection mix to the cells, the culture medium was 
replaced with BME.  
HEK  293T  cells  for  lentivirus  production  were  only  used  till  passage  40-50, 
because older passages did not produce the required efficiency. 
4.5.3  Viral particle purif ication 
48  hours  after  transfection,  medium  containing  viral  particles  was  harvested, 
filtrated trough a 45 µm filter and directly used or concentrated. VSV-G derived 
viral  particles  could  be  concentrated  by  ultracentrifugation  at  29600  rpm 
(SORVALL,  90  SE)  for  two  hours.  Pellets  were  resuspended  in  10  µl  HBSS 
when  used  for  in  vivo  experiments  and  in  200  µl  for  cell  culture  approaches. 
Virus stocks were stored at -80 °C. 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4.5.4  In vivo  injection of  lentivirus particles 
Newborn rats were anesthetized and immobilized by covering them with ice for 






Fig .  4.4  Schematic  depiction  of  the  inject ion  of  lentiviral  par ticles  in  the 
ventr icle  and Hippocampus 
Cartoon  showing  the  coordinates  for  the  correct  position  of  the  capillary  containing  lentivirus 








RIMs  are  multidomain  scaffolding  proteins  specifically  enriched  at  the  Active 
Zone. The RIM protein family consists of 7 members (Wang and Südhof, 2003; 
Wang et al., 2000), of which RIM1α and RIM2α, the isoforms containing the full 
set  of  domains,  have  been  studied  in  most  detail.  RIM3γ  and  RIM4γ,  the 
smallest members of the RIM protein family, are composed of a C-terminal C2B 
domain and an  isoform specific N-terminal sequence. To date,  the  localization 
and function of these truncated RIM variants has not been examined yet. 
5.1.1  Localization of RIM3γ and RIM4γ 
A  first  step  in  elucidating  the  functional  role  of  RIM3γ and RIM4γ  is  to  study 
their  cellular  and  subcellular  localization.  Therefore,  their  expression  was 
analyzed at the mRNA and protein level  in order to learn if they are present in 
the same compartments as the α-RIM isoforms. 
5.1.1.1  RIM3γ  AND  RIM4γ  mRNA  EXPRESSION:  IN  SITU 
HYBRIDIZATION 
To study the expression pattern of RIM3γ and RIM4γ in the adult rat brain, their 
mRNA distribution was analyzed by  in  situ  hybridization.  Therefore,  based on 
sequence  alignments  of  all  RIM  isoforms,  specific  oligonucleotides  were 
designed for each isoform (Table 3.8). These radioactively (35S) labeled isoform 
specific probes were used to detect RIM3γ and RIM4γ mRNA in sagittal brain 
sections  of  adult  rat  (p28).  Radioactive  probes  specifically  hybridized  to  the 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Negative X-ray  film  images showed that RIM3γ and RIM4γ transcripts  in adult 
rat  brain  exhibit  distinct,  but  overlapping  expression  patterns.  In  the  case  of 
RIM3γ,  the  strongest  mRNA  expression  was  found  in  the  cerebellum  and 
thalamus  (Fig.  5.1A).  In  addition,  high  expression  levels  were  detected  in 
cortex,  olfactory  bulb  and  hippocampus  (Fig.  5.1A).  The  highest  expression 
levels  for RIM4γ were observed  in  the cerebellum and cortex,  followed by  the 
olfactory bulb and hippocampus (Fig. 5.2A). 
To  allow  for  an  expression  analysis  on  the  single  cell  level,  the  radioactively 
labeled  sections  were  dipped  in  photo-emulsion  and  developed  after  two 
months.  Dark  field  images  of  emulsion-dipped  tissue  revealed  that  cerebellar 
RIM3γ  is  mainly  expressed  in  the  granule  cell  layer,  Purkinje  cells  also 
expressed RIM3γ, albeit at  low levels. In the cortex, RIM3γ was predominantly 
expressed  in  layers  II/III  followed  by  layer  V  (Fig.  5.1C).  In  addition,  RIM3γ 
mRNA was mainly detected  in  the dentate gyrus (Fig. 5.1D),  in thalamus (Fig. 
5.1F) and in the olfactory bulb external plexiform layer (Fig. 5.1E).  
RIM4γ  showed  certain  differences  in  the  expression  pattern  within  brain 
regions. Also at higher resolution the expression pattern of RIM4γ differed from 
the one detected for RIM3γ. In the cerebellum, the highest expression levels of 
RIM4γ  were  found  in  Purkinje  cells  (Fig.  5.2B),  followed  by  the  granule  cell 
layer.  In  the  cortex,  RIM4γ  was  uniformly  expressed  throughout  all  cortical 
layers  (Fig.  5.2C).  In  contrast  to  RIM3γ,  RIM4γ  mRNA  levels  in  the 





Fig . 5.1  Localization of  RIM3γ mRNA in  adult  rat  brain 
A.  In  situ  hybridization  micrographs  showing  RIM3γ  mRNA  distribution  in  the  whole  brain. 
RIM3γ  was  ubiquitously  present  in  the  brain,  showing  highest  expression  levels  in  the 
cerebellum,  cortex,  hippocampus,  olfactory bulb and  thalamus. Negative  controls with  excess 
unlabeled  oligonucleotides  were  devoid  of  signal  (results  not  shown).  B-F.  Higher  resolution 
pictures  of  emulsion-dipped  sections  revealed  elevated  expression  levels  in  the  cerebellar 
granule cell layer (B), cortical layers II/III and V (C), and gyrus dentatus (D). In addition, a strong 
signal was detected in the glomelular and plexiform layers of the olfactory bulb (E), as well as in 




Fig . 5.2  Localization of  RIM4γ mRNA in  adult  rat  brain   
A. X-Ray  film  image showing RIM4γ  transcript distribution  in p28  rat brain. RIM4γ mRNA was 
found to be ubiquitously distributed. The highest expression levels were detected in cerebellum, 
cortex,  entorhinal  cortex,  hippocampus  and  olfactory  bulb.  Negative  controls  with  excess 
unlabeled  oligonucleotides  were  devoid  of  signal  (results  not  shown).  B-F.  Emulsion-dipped 
section  images  revealed  high  levels  of  RIM4γ  in  the  Purkinje  and  granule  cell  layer  of  the 
cerebellum (B),  in all cortical  layers (C), as well as  in enthorinal cortex (F).  In addition, RIM4γ 
was strongly expressed in hippocampal CA1 region (D), glomelular and plexiform layers of the 
olfactory  bulb  (E).  Abbreviations:  CB  cerebellum;  CX  cortex;  HC  hippocampus;  OB  olfactory 
bulb; TH thalamus. 
5.1.1.2  RIM3γ AND RIM4γ PROTEIN EXPRESSION 
5.1.1.2.1  Generation  and  characterizat ion  of  isoform 
specif ic ant ibodies  
RIM3γ and RIM4γ exhibit a high degree of sequence homology, even  in  their 
isoform specific N-terminal  region.  In order  to study  the  localization of  the  two 
proteins,  isoform  specific  antibodies  were  generated  to  allow  for  specific 
detection  of  RIM3γ  and  RIM4γ  proteins.  RIM3γ  and  RIM4γ  polyclonal 
antibodies were raised against two peptides that had been selected by epitope 
analysis.  The  selected  sequences,  NH2-CGCGAGTTTAKKRRSSL-CONH 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(RIM3γ) and NH2-CFDDEDAADSRRLKGAIQR-CONH2, (RIM4γ), were localized 
in  the  N-terminus  of  the  proteins  and  did  not  exhibit  homology  with  other 
members of the RIM protein family. 
To control  for  the specificity of  the antibodies, all members of  the RIM protein 
family  were  overexpressed  in  HEK  293T  cells  and  analyzed  by  Western 
blotting.  No  cross-reactivity  was  detected  between  either  of  the  newly 
generated  antibodies  against  RIM3γ  (Fig.  5.3A)  and  RIM4γ  (Fig.  5.3B)  and 
other members of the RIM protein family. 




Fig . 5.3  Specifici ty o f newly generated RIM3γ and RIM4γ antibodies 
Homogenates  of  HEK  293T  cells  transfected  with  the  indicated  full  length  RIM  expression 
plasmids were analyzed by immunoblotting with affinity-purified antisera against RIM3γ (A) and 





5.1.1.2.2  Tissue distr ibut ion of RIM3γ and rim4γ proteins 
In  order  to  study  the  localization  of  both  RIM  γ-isoforms,  homogenates  from 
several  tissues of adult  rat were assayed by Western blotting.  Immunoblotting 
with RIM3γ specific antibody revealed a specific 32 kDa band, corresponding to 
the  calculated molecular  weight,  only  in  brain  (Fig.  5.4).  The RIM4γ  antibody 
also  reacted  strongly with  the  brain  homogenate  fraction,  revealing  a  specific 
band at the predicted size of 29 kDa (Fig. 5.4). In addition, weak signals were 
detected  in  muscle  and  liver  tissues.  However,  these  signals  remained  after 
incubation  of  the  blot  with  antibodies  previously  preabsorbed  with  the 





The  indicated  adult  rat  tissues were  isolated,  homogenized  and  equal  protein  amounts were 
loaded  for  Western  Blot  analysis.  Specific  bands  corresponding  to  the  molecular  weight  of 
RIM3γ (32 kDa) and RIM4γ (29 kDa) were only detected in brain. 
5.1.1.2.3  Expression pattern  in dif ferent brain regions 
To confirm the previously observed regional distribution of RIM3 γ and RIM4γ 
mRNA at the protein level, various brain regions were isolated and analyzed by 
immunoblotting.  The  specificity  of  the  detected  bands  was  controlled  by 
incubating  the  blots  with  antibodies  previously  preabsorbed  with  the 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immunogen  (peptid-block).  The  highest  expression  levels  of  RIM3γ  were 





RIM4γ  proteins  could  be  detected  ubiquitously  throughout  the  brain,  albeit  at 
diverging expression levels (Fig. 5.5). 
 
Fig . 5.5  RIM3γ and RIM4γ expression in  di fferent brain  regions 
Homogenates from  the specified brain regions were analyzed by immunoblotting with  isoform-
specific antibodies.  Incubation of  the blot with RIM3γ antibody  revealed a 26 kDa band  in  the 
thalamus. The peptide block identified this band as an unspecific crossreactive band (*). RIM3γ 






during  the  time  of  synaptogenesis.  Western  blot  analysis  was  performed  to 
examine the expression profile of both γ-isoforms during brain development. In 
order  to  assess  a  putative  developmental  regulation  of  the  expression  of  the 
RIM γ-isoforms, whole brain homogenates of rat were prepared at different time 
points,  and  equal  amounts  of  protein  were  loaded  on  a  SDS-Page  gel  for 




Fig .  5 .6  RIM3γ  and  RIM4γ  expression  levels  increase  during 
synaptogenesis 
Whole  brain  homogenates  from  rats  of  the  indicated  ages  (p0-p30)  were  analyzed  by 
immunoblotting with specific antibodies against RIM3γ and RIM4γ. Expression of both isoforms 
increased during postnatal brain development. 
5.1.1.2.5  Associat ion  of  γ-RIMS  with  the  insoluble  synaptic 
fract ion 
RIM1α  is  an  integral  component  of  the  cytomatrix  at  the  presynaptic  Active 
Zone.  However,  in  contrast  to  α-RIMs  that  are  composed  of  multiple  protein 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interaction domains, the RIM γ-isoforms only contain a single C2B domain that 
might  not  be  sufficient  to  tightly  link  these proteins  to  the  scaffold  of  proteins 
composing  the  cytomatrix  at  the  active  zone.  To  examine  if  γ-RIMs  are 
associated with the pre- and postsynaptic densities, subcellular fractionation of 
synaptosomes from rat forebrain was carried out.  




synaptosomal  fraction  was  further  purified  by  gradient  centrifugation.  After  a 
first  centrifugation  step  the  nuclear  fraction  (P1)  was  discarded  and  the 
remaining  crude  synaptosomal  fraction  centrifuged  again  to  obtain  the 
synaptosomal cytosol  fraction  (S2) and the crude synaptosomal pellet  fraction 
(P2) containing mitochondria and nerve endings. P2 was overlaid on a sucrose 
density gradient and ultracentrifuged obtaining a mitochondrial pellet, a myelin 
and a  synaptosomal  fraction.  The  synaptosomes were  carefully  collected and 
divided  into  two  fractions.  One  was  used  for  postsynaptic  density  (PSD) 
preparation  and  the  other  for  synaptic  vesicle  (SV)  and  synaptic  plasma 
membrane  (SPM)  enrichment.  A  two-time  extraction  of  the  PSD  fraction with 
Triton X-100,  resulted  in  the  separation  of  the  triton  soluble  fraction  including 
synaptic vesicle proteins, and the TX-100 resistant fraction containing proteins 
associated  to  the  synaptic  density.  The  different  subcellular  fractions  of  the 
brain  homogenate  were  analyzed  by  immunoblotting  with  antibodies  against 
RIM3γ and RIM4γ. The quality of the subcellular fractionation was assessed by 
examining  the  distribution  of  pre-  and  postsynaptic  markers:  the  presynaptic 
synaptic vesicle protein Rab3A, and postsynaptic density protein PSD-95. The 
typical distribution patterns for Rab3A and PSD-95 were observed; the first was 
highly  enriched  in  the  synaptic  vesicle  fraction  (SV)  and  virtually  absent  from 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the  triton  X-100  resistant  fractions  (TX1,  TX2)  in  which  PSD-95  was 
predominantly found (Fig. 5.7). 
Even  though RIM3γ and RIM4γ  could  be partially  solubilized by Triton X-100 
extraction, surprisingly, the majority of the protein remained associated with the 
Triton  X-100  insoluble  fractions.  This  result  indicates  that  the  short  RIM 




Fig . 5.7  Subcellular  fractionation of  ra t synaptosomes 
Homogenates were separated  into nuclear  fraction and crude synaptosomal  fraction  (S1),  the 
synaptosomal  cytosol  fraction  (S2);  the  crude  synaptosomal  pellet  fraction  (P2);  the  lysed 
synaptosomal  membrane  fraction  (LP1);  the  crude  synaptic  vesicle  fraction  (SV)  and  the 
synaptic plasma membrane fraction (SPM). Supernatant of the 0,5% (w/v) or 1% (w/v) Triton X-
100  soluble  fraction  (TX1  supp  and  TX2  supp  respectively)  and  the  Triton  X-100  insoluble 





5.1.1.3.1  Light  microscopy  analysis  of  RIM3γ  and  RIM4γ 
local izat ion  in rat brain 
The newly generated RIM3γ and RIM4γ antibodies detected proteins with  the 
corresponding molecular weight  proteins  in  rat  brain  homogenates. To  further 
confirm  the  previously  observed  mRNA  expression  pattern  and  study  the 
localization  of  RIM3γ  and  RIM4γ  proteins  in  rat  brain,  immunohistochemistry 
analysis was performed. Therefore, 4µm saggital paraffin sections were labeled 
using  antibodies  against  RIM3γ  and  RIM4γ  and  colabeled  with  an  antibody 
against the synaptic vesicle protein Synapsin. RIM3γ was strongly expressed in 
the  granule  cell  layer  and molecular  layer  of  the  cerebellum  (Fig.  5.8,  upper 
panel).  In  contrast,  RIM4γ  was  highly  enriched  in  Purkinje  cells,  and  also 
localized in the granular layer (Fig. 5.9, upper panel). In the olfactory bulb, both 
proteins were mainly  found  in  the external plexiform  layer and  in the glomeruli 







Fig . 5.8   Immunohistochemical analysis o f  RIM3γ in  ra t brain 
4  µm  paraffin  sections  were  stained  using  RIM3γ  antibody  (green)  and  colabeled  with  an 
antibody against  the  synaptic  vesicle protein  synapsin  (red). High expression  levels  of RIM3γ 
were observed in the cerebellar granular layer, and the II-III cortical layers. In the olfactory bulb, 





Fig . 5.9   Immunohistochemical analysis o f  RIM4γ in  ra t brain 
4  µm  paraffin  sections  were  stained  using  RIM4γ  antibody  (green)  and  colabeled  with  an 
antibody against  the  synaptic  vesicle  protein  Synapsin  (red). RIM4γ was detected  throughout 
the  brain,  showing  a  higher  expression  in  cerebellar  purkinje  cells,  and  the  olfactory  bulb 
external  plexiform  layer.  RIM4γ was  highly  and  uniformly  detected  in  different  cortical  layers. 
Abbreviations:  EPL  external  plexiform  layer;  GC  granular  cells;  GL  glomerular  layer;  ML 
molecular layer; MC mitral cells; PC Purkinje cells; I cortical layer I; II/III cortical layer II and III.  
5.1 .1 .3.1.1  Immunofluorescence  analysis  o f  RIM3γ  and  RIM4γ  in  
primary cul tured neurons 
To  further  investigate  the  subcellular  localization  of  RIM3γ  and  RIM4γ, 
immunocytochemistry  analyses  were  performed  using  different  markers. 
Synapsin and Bassoon antibodies were used as presynaptic markers, PSD-95 
as  postsynaptic  marker,  and  MAP2  for  dendritic  labeling.  Primary  cortical 
neurons  were  double-immunolabeled  at  DIV14.  RIM3γ  revealed  a  punctate 
expression  pattern,  colocalizing  with  Synapsin  (Fig.  5.10,  upper  panels), 








Fig . 5.10 Synaptic local ization of  RIM3γ in  cortical  primary neurons 
Cortical  neurons  were  cultured  for  two  weeks  (DIV14),  fixed  and  double-stained. 
Immunofluorescence  analysis  of  endogenous  RIM3γ  (green)  was  performed  with  various 
neuronal markers (red): synapsin (presynaptic), PSD95 (postsynaptic), MAP2 (dendritic). RIM3γ 




Fig . 5.11 Localization of RIM4γ in cor tical  primary neurons 
DIV14 cortical neurons were fixed and colabeled with anti-RIM4γ antibody (green) and different 




5.1.1.3.2  Immunofluorescence  analysis  of RIM3γ  and RIM4γ 
expression in the ret ina 
Ribbon  synapses  are  specialized  synapses,  present  in  sensory  systems  that 
undergo  fast,  continuous  and  graded  neurotransmitter  release  (Parsons  and 
Sterling,  2003;  Sterling  and  Matthews,  2005;  tom  Dieck  and  Brandstätter, 
2006).  The  structure  and  physiology  of  Ribbon  synapses  differ  from 
conventional  synapses.  Ribbon  synapses  contain  a  specialized  molecular 
machinery,  lacking  proteins  such  as  Synapsin  and  comprising  other  specific 
proteins like RIBEYE/CtBP2 (tom Dieck and Brandstätter, 2006). 
In order  to study  the presence or absence of RIM3γ and RIM4γ  in  the ribbon 
synapse,  immunohistochemical  labeling  of  bovine  and  rodent  retina  sections 
was performed. RIM3γ staining revealed specific labeling in the synaptic layers, 
the inner and the outer plexiform layer. Both nuclear layers were virtually devoid 
of  signal.  In  contrast,  RIM4γ  was  homogeneously  distributed  throughout  all 
layers of the retina (Fig. 5.12).  
 
Fig . 5.12 RIM3γ and RIM4γ local ization in   the re tina 
Confocal micrographs of rat retina vertical cryosections showed synaptic  localization of RIM3γ 
in both synaptic  layers,  the outer and  the  inner plexiform  layer  (OPL,  IPL).  In contrast, RIM4γ 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was  not  only  synaptically  localized,  but  also  present  in  the  nuclear  layers  (ONL,  INL). 
Magnification of the RIM3γ marked OPL nicely showed RIM3γ-labeled synaptic ribbons. 
Synaptic  coimmunostaining  with  the  presynaptic  marker  CtBP2/RIBEYE  was 
performed in order to confirm the subcellular localization of the RIM γ-isoforms 
in  the  retina.  CtBP2/RIBEYE  antibody  labeled  both  synaptic  layers:  the  outer 
plexiform  layer  (OPL)  where  rods  and  cones  form  synapses,  and  the  inner 
plexiform layer, composed of ribbon synapses from bipolar cells (tom Dieck and 
Brandstätter,  2006).    Both  γ-isoforms  colocalized  with  CtBP2/RIBEYE  in  the 
ribbon  synapses,  but  in  contrast  to  RIM3γ,  which  displayed  specific  synaptic 
localization (Fig. 5.13, upper panels), RIM4γ was also present  in both nuclear 
layers  (Fig.  5.13,  lower  panels).  These  data  reconfirmed  the  synaptic 
localization of RIM3γ in contrast to the uniform expression pattern of RIM4γ.  
 
Fig .  5 .13  Colocalization  of  γ-RIMs  with  the  presynaptic  r ibbon  protein  
CtBP2/RIBEYE 
10 µm cryosections of bovine retina were labeled with Ctbp2 (green) and RIM3γ (red) or RIM4γ 
(red)  antibodies.  Ctbp2  labeled  photoreceptors  and  the  bipolar  cell  ribbon  synapse  and 
colocalized with RIM3γ, and partially with RIM4γ. 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5.1.1.3.3  RIM3γ and RIM4γ expression in  inhibitory neurons 
RIM1α plays an essential  role  in neurotransmitter  release  in excitatory as well 
as inhibitory synapses (Castillo et al., 2002; Chevaleyre et al., 2007; Schoch et 
al., 2002). Nevertheless,  there are other synaptic proteins selectively enriched 
in  excitatory  or  inhibitory  synapses.  Different  isoforms  of  the  presynaptic 
proteins  Munc13  and  Synapsin  play  a  distinct  role  in  GABAergic  synapses 
(Rosenmund et al., 2002; Terada et al., 1999). In order to assess expression of 
γ-RIMs  in  inhibitory  neurons,  4µm  paraffin  embedded  brain  slices  were 
immunostained, using antibodies against RIM3γ and RIM4γ and colabeled with 
different  markers  for  interneurons  (Klausberger  and  Somogyi,  2008;  Monyer 
and  Markram,  2004).  Inhibitory  neurons  release  γ-aminobutyric  acid  (GABA) 
that is synthesized from glutamate by the enzyme glutamic acid decarboxylase 




In  the  cerebellum, RIM4γ  showed a  prominent  expression  in  the Purkinje  cell 
layer  that  constitutes  the main  gabaergic  cell  population.  Purkinje  cells  were 
immuno-positive  for  both  γ-isoforms  that  colocalized  with  different  inhibitory 
markers such as GAD67 (Fig. 5.14, lower panel) and Parvalbumine (Fig. 5.14, 





Fig .  5.14  RIM3γ  and  RIM4γ  colocal ized  with  dif ferent  inhibitory  markers  
in cerebellar  cel ls 
4µm  paraffin  sections were  labeled  using  antibodies  to  differentiate  inhibitory  from  excitatory 
neurons.  Parvalbumine  (red)  und  GAD67  (red)  markers  colocalized  with  γ-RIMs  (green)  in 
Purkinje  cells,  the  main  gabaergic  cell  population  in  cerebellum.  In  the  molecular  cell  layer, 
basket  cells  (Parvalbumine  positive)  partially  expressed RIM4γ but  not  RIM3γ. Abbreviations: 
R3 RIM3γ; R4 RIM4γ; PVA Parvalbumin.  
Many  different  interneuron  populations  are  present  in  the  Hippocampus. 
Interneurons  can  be  classified  following  different  criteria:  electrophysiology 
properties,  morphology  or  neuropeptide  content  (Klausberger  and  Somogyi, 








and  different  antibodies  to  identify  hippocampal  interneurons  (red).  Both  γ-isoforms  were 
present  in a  fraction of GAD67 and Parvalbumin positive  interneurons. R3 RIM3γ; R4 RIM4γ; 
PVA Parvalbumin. 
A large population of Parvalbumin/γ-RIMs positive inhibitory neurons was found 
in  the  superior  colliculus,  a  brain  region  that  has  an  important  role  in  the 
integration of sensory information (Fig. 5.16). 





Fig .  5 .16  Both  γ-RIMs  are  present  in  the  Parvalbumin  posi tive  cel l  




5.1.2  Functional  investigation  of  RIM3γ  and  RIM4γ 
proteins 
5.1.2.1  CHARACTERIZATION  OF  γ-RIMS  TARGETING 
SEQUENCES 
γ-RIMs  constitute  a minimal  variant of  the RIM protein  family  as  they  contain 
only  the  C2B  domain  and  a  short  isoform-specific  N-terminal  sequence. 







play an  important  role  in RIM1α trafficking. However, so  far  there  is no  in vivo 
data  confirming  this  hypothesis,  and  crystallography  studies  have  shown  that 
the  minimal  Liprin  binding  domain  is  not  enough  to  bind  isolated  RIM-C2B 
domains (Guan et al., 2007). In order to study, the possible role of Liprins-α in 
γ-RIM  trafficking and  identify  the minimal RIM sequence necessary  to  interact 
with  Liprins-α,  a  series  of  cotransfections  and  double  immunofluorescence 
experiments were performed. 
5.1.2.1.1  Analysis  of  the  interact ion  between  γ-RIMS  and 
Liprins-α  in chromaff in cells   
To  analyse  the  binding  between  γ-RIMs  and  Liprins-α  in  living  cells,  pCDNA 
expression vectors encoding full length and truncated γ-RIMs with a N-terminal 
green  fluorescent  protein  (GFP)  tag  were  generated  (Fig.  5.21).  Transfection 
efficacy  in  neurons  is  generally  low.  In  contrast,  HEK  cells  produce  large 
amounts  of  proteins,  which  lead  frequently  to  aberrant  protein  aggregation. 
Therefore, PC12 cells were used for this experiment. This cell line has neuronal 
properties,  including  calcium  dependent  secretion  and  synaptic  like 
microvesicles. 
As  a  first  step,  PC12  cells  were  transfected  with  expression  plasmids  for 
RIM1α, RIM3γ and RIM4γ, with or without N-terminal GFP tag, to examine if the 
localization  would  be  influenced  by  the  fusion  to  the  fluorescent  marker.  36 
hours  after  transfection,  cells  were  analyzed  by  confocal  microscopy.  GFP-
tagged  and  non-tagged  proteins  revealed  the  same  localization  (only  GFP-
tagged constructs shown, Fig. 5.17). PC12 cells expressing GFP-RIM1α formed 
aggregates  in  the  cytoplasm.  Furtheremore,  GFP-RIM1α  was  present  in  the 
nucleus, an unexpected distribution that had been previously described (Sun et 






Fig .  5 .17  Subcellular  distr ibution  of  RIM3γ  and  RIM4γ  GFP  fusion 
proteins in PC12 cel ls 
PC12  cells  were  transfected  with  expression  plasmids  encoding  N-terminaly  tagged  GFP-γ-
RIMs. 36 hours after transfection, cells were fixed and examined using a confocal microscope. 
Unexpectedly, RIM1α was mainly  detected  in  the nucleus and  in  cytoplasmic  clusters. RIM3γ 






Fig . 5.18 Localization of dif ferent Liprin-α  isoforms in PC12 cel ls  
PC12  cells  were  transfected  with  different  Liprin-α  isoforms,  PFA  fixed  after  36  hours  and 
immunostained  using  specific  antibodies  for  each  isoforms.  All  transfected  liprin-a  family 








After  cotransfection  with  all  Liprin-α  isoforms,  GFP-RIM1α  and  GFP-RIM3γ 
were not concentrated in the nucleus anymore but mainly found the cytoplasm 
without  apparent  plasma membrane  or  chromaffin  localization  (Fig.  5.19).  As 





Fig .  5 .19  Effect  o f  l ipr in-α  proteins  on  the  subcellular  local ization  of   γ-
RIMs and RIM1α  
Expression plasmids  for GFP-tagged RIM  fusion proteins were cotransfected, at an equimolar 
ratio,  with  plasmids  expressing  Liprins-α. GFP-tagged RIM1α  and RIM3γ  proteins,  previously 
concentrated in the nucleus, were translocated to the cytoplasm upon cotransfection with any of 
the  Liprins-α.  No  changes  in  RIM4γ  localization  were  evident  in  the  presence  of  Liprins-α. 
RESULTS     110 
Cotransfection  of  all  three  GFP-tagged  RIM  isoforms  with  Liprins-α  revealed  an  overlapping 
cytoplasmic  distribution.  Abbreviations:  R1  RIM1α;  R3  RIM3γ;  R4  (RIM4γ);  L1  Liprin-α1;  L3 
Liprin-α3; L4 Liprin-α4. 
The sequence of  the C2B domains  is highly conserved within  the RIM protein 
family.  In  addition  to  the  C2B  domain,  γ-RIMs  contain,  a  highly  homologous 
sequence  between  the  N-terminal  and  the C2B  domain  (Wang  et  al.,  2000), 
which  consequently  could  be necessary  to mediate  the  binding of  proteins  to 
the C2B domain. Therefore, we generated different deletion constructs coding 






GFP-RIM3γ F (full length)  1-924 bp; 308 aa  32 kDa  59 kDa 
GFP-RIM3γ E  115-924 bp; 268 aa  29 kDa  56 kDa 
GFP-RIM3γ D  217-924 bp; 236 aa  25 kDa  52 kDa 
GFP- RIM3γ C  436-924 bp; 163 aa  17 kDa  44 kDa 
GFP- RIM4γ F (full length)  1-810 bp; 270 aa  29 kDa  56 kDa 
GFP-RIM4γ D  100-810 bp; 237 aa  25 kDa  64 kDa 






Protein  aligment  show  the  similarities  in  the  sequence  of  both  γ–isoforms.  The  highly 
homologous C2B  domain  is marked with  a  black  box,  whereas  the  homologous  sequence  is 
highlighted by a blue box.  
To verify  that expression of  the various GFP-γ-RIM fusion proteins resulted  in 
stable  proteins  of  the  expected  size,  an  immunoblot  analysis  was  performed 
(Fig.  5.21).  HEK  cells  were  transfected  with  the  GFP-γ-RIM  expression 
plasmids,  lysed  48  hours  after  transfection,  and  analysed  by  SDS-Page  and 
immunoblotting.  An  antibody  against  GFP  was  used  for  immunoblotting 





Fig . 5.21 Western blot  analysis o f RIM3γ and RIM4γ GFP fusion proteins 
A.  The  cartoon  shows a graphic overview of  the  composition of  the  full  length and  truncated 









the  subcellular  localization,  PC12  cells  were  transfected  with  the  above 
described  expression  plasmids  and  analyzed  by  confocal  microscopy. 
Truncated  GFP-RIM3γ-E  protein  was  strongly  expressed  in  the  nucleus,  and 
diffusely  localized  in  the  cytoplasm  (Fig.  5.22).  In  contrast GFP-RIM3γ-C and 
GFP-RIM3-γ-D were more uniformly expressed all through the cell. In the case 
of GFP-RIM4γ truncated proteins, none of the deletions had a strong effect on 
the  protein  localization.  GFP-RIM4γ-C  and  GFP-RIM4γ-D  appeared  diffusely 
distributed  throughout  the  cytoplasm,  as GFP-RIM4γ  did  (Fig.  5.22).    Protein 
localization was not modified and no aberrant aggregates were formed 
 
Fig .  5 .22  Subcellular  local ization  of  the  truncated  GFP-γ-RIM  fusion 
proteins in PC12 cel ls 
All  RIM4  deletion  mutants  showed  the  same  expression  pattern  as  the  full  length  protein.  In 
contrast  truncated RIM3 proteins  showed an  increased  cytoplasmic  localization depending on 
the  size. The  smallest RIM3γ  fusion protein  (R3C),  only  containing  the C2B domain,  and  the 




After  cotransfection  of  GFP-RIM3γ-E  fusion  protein  with  Liprin-α3,  it  was  not 
detected  in  the  nucleus  anymore  but  rather  distributed  throughout  the 
cytoplasm, colocalizing with Liprin-α3 (Fig. 5.23).  In  the presence of Liprin-α3, 
GFP-RIM3γ-E,  in  which  only  the  isoform-specific  N-terminal  sequence  was 
missing,  was  only  found  in  the  cytoplasm  and  absent  from  the  nucleus  as 
previously  shown  for  the GFP-RIM3γ  full  length  fusion protein,  pointing  to  an 
interaction of both proteins (Fig. 5.23). In contrast, the truncated GFP-RIM3γ-D 
protein,  including  the  central  homology  sequence  and  the  C2B  domain,  was 




which  was  diffusely  expressed  throughout  the  cell  (Fig.  5.23,  upper  panel). 
GFP-RIM3γ-D  and  GFP-RIM3γ-C  strongly  colocalized  with  Liprin-α3  in  the 
cytoplasm. However, no major changes in the localization of both proteins could 
be  detected  when  they  were  co-expressed  with  Liprin-α3.  In  summary,  the 





Fig .  5.23  Co-expression  of  GFP-  RIM3γ  truncated  proteins  and  Liprin-α3 
in PC12 cel ls 
GFP-tagged RIM3γ  truncated proteins were  cotransfected with pCMV-Liprin-α3  full  length. 36 
hours after  transfection, cells were  fixed and  immunolabeled using a specific antibody against 
Liprins-α  followed  by  Cy3-coupled  secondary  antibody.  GFP-RIM3γ-E  truncated  proteins 
revealed cytoplasmic localization when cotransfected with Liprin-α3, in contrast to the additional 
nuclear  localization  in  cells  not  overexpressing  Liprin-α3.  GFP-RIM3γ-D  and  GFP-RIM3γ-C 
proteins were more uniformly distributed  throughout  the cell  and showed partial colocalization 
with overexpressed Liprin-α3. 
The presence of Liprin-α3 did not change the localization of GFP-RIM4γ fusion 
proteins  examined,  both  proteins  showed  diffuse  expression  in  the  cytosol, 





Fig .  5 .24  Co-expression  of  GFP-RIM4γ  truncated  proteins  and  Liprin-α3 
in PC12 cel ls 
GFP-tagged  RIM4γ  truncated  proteins  were  cotransfected  with  pCMV-Liprin-α3  (full  length) 






5.1.2.2  ANALYSIS  OF  RIM3γ  AND  RIM4γ  INTRACELLULAR 
TRAFFICKING IN PRIMARY HIPPOCAMPAL NEURONS 
The  use  of  fluorescently  tagged-proteins  offers  many  advantages  when 
studying the function and localization of a protein. Fluorescent tags allow for the 
analysis  of  a  protein  in  live  cells,  following  its  subcellular  localization  and 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dynamics.  However,  the  tag  might  influence  the  biological  function  or 
localization of the protein. In order to study the intracellular trafficking of RIM3γ 
and  RIM4γ  in  cultured  neurons,  expression  plasmids  for  RIM3γ  and  RIM4γ 
tagged with fluorescent marker proteins were developed. 
Traditional methods using calcium phosphate or  lipofectamine result  in a very 
low  transfection  efficiencies,  and  may  alter  cell  membrane  properties.  In 
contrast,  incorporation of foreign DNA in neurons using lentiviral particles yield 
a  high  transfection  efficiency  without  cell  toxicity.  Therefore,  lentiviral 
expression  plasmids  for  RIM3γ  and  RIM4γ  with  a  C-terminally  attached  red 
fluorescent  protein  (mcherry),  under  control  of  the  Synapsin  promoter  was 
generated. These plasmids were used to generate purified lentiviral particles in 
order  to  transduce  hippocampal  and  cortical  primary  cultures.  Neurons  were 
infected  on DIV  2-5  and  analyzed  on  DIV  13-15.  The  transduction  efficiency 
was always over 80%  
Overexpression  of  RIM4γ-mcherry  resulted  in  a  diffuse  localization  along  the 
axon  and  dendrites.  A  similar  expression  pattern  as  observed  in  the 
immunocytochemistry  analyses  (Fig.  5.11).  In  contrast,  transduction  with  the 
RIM3γ-mcherry  expressing  viral  particles  resulted  in  low  levels  of  the  fusion 
protein, which was found in the nucleus and the main neuronal processes (Fig. 
5.22).  This  expression  pattern  differs  from  the  one  observed  by 
immunocytochemistry  analyses  of  RIM3γ,  which  showed  a  clear  synaptic 
localization  of  the  protein  (Fig.  5.10). Differences  in  the  expression pattern  of 
the endogenous and overexpressed proteins might have different causes. The 
observed expression pattern of RIM3γ-mcherry might be a consequence of low 
expression  levels  of  the  protein  because  of  a  weak  promoter  activity.  In 
addition, the protein localization and/or stability might also be influenced by the 
tag.  Therefore,  a  new  N-terminal  construct  was  generated  coding  for  GFP-
RIM3γ  and  GFP-RIM4γ  under  control  of  the  stronger  EF1α  promoter.  GFP-
RESULTS     118 
RIM3γ had a much higher expression  level and was synaptically  localized, as 
the  endogenous  protein.  In  addition  to  being  present  at  the  synapse,  GFP-
RIM3γ  protein  was  also  detectable  in  dendrites.  In  contrast,  no  significant 
differences  in  the  localization  of  RIM4γ  were  observed.  C-terminal-RIM4γ-
mcherry  and  N-terminal-GFP-RIM4γ  exhibited  the  same  diffuse  localization 
along the neuronal processes.  
 
Fig .  5.25  Overexpression  of  fluorescently  tagged  RIM3γ  and  RIM4γ  in  
primary hippocampal  neurons 
C-terminally  mcherry-tagged  γ-RIMs  under  the  control  of  the  Synapsin  promoter  and  N-
terminally GFP-tagged γ-RIMs under  the  control  of  the EF1α promoter were used  to produce 
lentiviral  particles  in  order  to  overexpress  RIM3γ  and  RIM3γ  in  primary  neurons. 
Overexpression of C-terminal RIM3γ-mcherry  resulted  in  low  levels  of  the  protein, which was 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found  in  the nucleus and  the main neuronal process. C-terminal RIM4γ-mcherry was diffusely 
localized in axon and dendrites. GFP-RIM3γ expression, under the EF1α promoter, resulted in a 
higher  expression  level.  GFP-RIM3γ  was  presynaptically  localized  at  the  synapses,  but  also 
detected  in  dendrites.  GFP-RIM4γ  showed  a  similar  expression  pattern  as  RIM4γ-mcherry. 
Scale bar 30 µm. 
5.1.2.3  ANALYSIS  OF  γ-RIMS  TARGETING  SEQUENCES  IN 
NEURONS 
In order to analyze the structural requirements for the localization of γ-RIMs, the 
previously designed deletion variants (Fig. 5.21) were subcloned in a lentiviral 
vector under the control of the EF1α promoter. Primary hippocampal neurons 
were transduced with purified lentiviral particles at DIV3-5 and analyzed at 
DIV14-21, or transfected at DIV7-9 when low transfection efficiency was 
desired. The  subcellular  distribution  of  all  designed  GFP-γ-RIM  truncated 
proteins was examined and compared with the full length protein.  
All GFP-RIM3γ truncated proteins showed a very similar subcellular localization. 
They  were  present  in  the  axonal  boutons,  showing  a  punctate  expression 
pattern,  and  also  in  the  dendrites,  where  they  were  diffusely  localized. 
Noteworthy, GFP-RIM3γ-C, and GFP-RIM3γ-D truncated proteins did not show 
the  nuclear  localization  previously  observed  for  the  GFP-RIM3γ  full  length 
protein, and also showed by GFP-RIM3γ-E.  
GFP-RIM4γ  truncated proteins were also  localized  in synaptic boutons and  in 






Fig . 5.26 Axonal  local ization of  GFP-γ-RIMs truncated proteins 
Hippocampal  primary  neurons  were  transfected  with  GFP-RIM3γ  full  length  or  truncated 
proteins  at  DIV  7-9  and  maintained  in  culture  until  synapses  were  mature  (DIV14-DIV21). 
Subsequently, the neurons were fixated and analyzed by confocal microscopy. Low transfection 









synapsin  to mark  the synapses. Full  length and  truncated GFP-RIM3γ proteins were diffusely 
present  along  the  dendrites.  No  major  differences  could  be  found  between  the  expression 
pattern of GFP-RIM3γ full length and truncated proteins, except for the nuclear localization (blue 
arrows signalize nuclear  localization). GFP-RIM3γ full  length and GFP-RIM3γ-E were enriched 
in  the  nucleus,  whereas  GFP-RIM3γ-D  and  GFP-RIM3γ-C  were  not  nuclear  localized. White 
arrows indicate the dendrites chosen for magnification. Scale bar 30µm. 
 





Synapsin  to mark  the synapses. Full  length and  truncated GFP-RIM4γ proteins were diffusely 
present  along  the  dendrites.  No  major  difference  could  be  found  between  the  expression 
patterns of GFP-RIM4γ  full  length and  truncated proteins. White arrows  indicate  the dendrites 
chosen for magnification. Scale bar 30µm. 




addition,  Liprin-α  has  been  shown  to  interact  in  vitro  with  the  RIM1α  C2B 
domain  (Schoch  et  al.,  2002).  These  data  suggest  that  Liprin-α  might  be 
involved  in RIM1α  trafficking, acting as  linker between  the motor proteins and 
RIMs. 
In order to examine if Liprins-α plays a role in the localization and trafficking of 
γ-RIMs,  lentiviral  vectors  coding  for  RIM3γ-cherry,  RIM4γ-cherry  under  the 
control of  the  synapsin  promoter, were  used  to  overexpress  γ-RIMs. Neurons 
were  transfected  with  N-terminally  GFP  tagged  Liprin-α  on  DIV3-5,  and 
subsequently  transduced  with  γ-RIMs-mcherry  infected  on  DIV7-9.  This 
approach allowed us to examine a putative role of Liprins-α in the localization of 
RIM3γ and RIM4γ within the same culture. Liprin-α3 and Liprin-α2 are the most 
abundant  isoforms  of  the  Liprin  family  in  brain  (Zürner  and  Schoch,  2008). 
Overexpression of γ-RIM-mcherry in neurons leaded to a diffuse expression of 
the proteins along the axon and the dendrites in the case of RIM4γ. In contrast, 
both  Liprin-α  isoforms,  showed  a  synaptic  localization,  as  expected.  No 






Fig .  5 .29  Overexpression  of  Liprin-α2,  -α3  does  not  af fect  local ization  of  
γ-RIMs in cultured neurons  
Primary  hippocampal  neurons  were  transfected  with  Liprin-α2/a3  (DIV3-5),  subsequently 
transduced with  viral  particles expressing  γ-RIMs-mcherry  (DIV7-9)  and analyzed by  confocal 




In  order  to  test  the  hypothesis  that  the  C2B  domains  of  α-RIMs  and  γ-RIMs 
could  interact,  leading  to  heterodimer  formation,  N-terminally  GFP  tagged 
RIM1α  was  overexpressed  in  primary  neurons  at  DIV3-5.  Subsequently, 
neurons were  transduced with  the C-terminally mcherry  tagged γ-isoforms, as 
described  before.  As  previous  shown,  RIM3  γ-mcherry  and  RIM4γ-mcherry 
were  distributed  diffusely,  whereas  RIM1α  showed  the  expected  punctate 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distribution. Interestingly, when RIM1α and γ-RIMs were co-expressed, both γ-
isoforms  colocalized  with  RIM1α  and  also  exhibited  a  punctate  distribution 
pattern.  In  addition,  RIM3γ-mcherry-expression  levels  were  increased  in  the 
presence of RIM1α, and specifically  targeted  to  the synapse (Fig. 5.30A). The 
mainly  diffuse  localization  of  RIM4γ-mcherry  changed  to  a  punctuated 





viral  particles  expressing  mcherry-tagged  γ-RIMs  (DIV7-9)  and  analyzed  by  confocal 




the  presence  of  RIM1α  synaptically  localized.  RIM4γ-cherry  showed  no  more  diffuse 
localization. Coexpression of RIM1α resulted in the specific targeting of RIM4γ to the synapse. 
5.1.2.5  THE  C2B  DOMAIN  OF  γ-RIMS  IS  SUFFICIENT  FOR 
THE INTERACTION WITH RIM1α 
In  order  to  study  if  the  C2B  domains  alone  are  sufficient  to  achieve  the 
interaction between the γ-RIMs and RIM1α, or if other sequences are required 
for  this  binding,  primary hippocampal  neurons were  transfected with mcherry-




truncated  proteins  colocalized  with  RIM1α  and  Synapsin  at  the  synapses, 
showing no major differences among the various truncated proteins.  
In summary, these data suggest that the C2B domain alone might be sufficient 




Fig .  5.31  GFP-RIM3γ  truncated  proteins  colocal ize  with  RIM1α  at  the 
synapses 
Hippocampal  cultured  neurons  were  transfected  with  a  plasmid  expressing  mCherry-RIM1α 
(red)  at  DiV5-7  and  subsequently  transduced  with  lentiviral  particles  expressing  GFP-RIM3γ 
truncated  proteins  (green).  At  DIV14,  the  neurons  were  fixated  and  immunolabeled  with  an 
antibody against the synaptic vesicle protein Synapsin (blue). mCherry-RIM1α and GFP-RIM3γ 




Fig.  5.32  GFP-RIM4γ  truncated  proteins  colocal ize  with  RIM1α  at  the 
synapses 
Hippocampal  cultured  neurons  were  transfected  with  a  plasmid  expressing  mCherry-RIM1α 
(red)  at  DiV5-7  and  subsequently  transduced  with  lentiviral  particles  expressing  GFP-RIM4γ 
truncated  proteins  (green).  At  DIV14,  the  neurons  were  fixated  and  immunolabeled  with  an 
antibody against the synaptic vesicle protein Synapsin (blue). mCherry-RIM1α and GFP-RIM4γ 
truncated  proteins  colocalized  with  Synapsin  at  the  presynaptic  boutons.  Abbreviations:  R1 
RIM1α; R3 RIM3γ; SYN Synapsin. 
5.1.2.6  FUNCTIONAL  CONSEQUENCES  OF  REDUCED  γ-RIM 
LEVELS IN NEURONS 
For  evaluating  the  functional  role  of  a  protein,  different  approaches might  be 
carry out in order to study a gain or a loss of function of the protein of interest. 
Studies  involving  loss of  function  include classical gene knockout approaches, 
mutations  in  the  amino  acid  sequence  of  the  protein  and  RNA  interference 
techniques. In this work, to eliminate the expression of RIM3γ and RIM4γ, RNA 
interference  technology  was  applied.  Considering  that  the  level  of  down-
regulation  achieved  varies  between  different  shRNAs,  multiple  shRNAs  were 
designed following  the shRNA design tech guide advice (Genome technology) 
and using several algorithms. To assess the efficiency of down-regulation each 
shRNA  to  downregulate  γ-RIM  expression,  fluorescent  immunocytochemistry 
and  quantitative  immunoblotting  were  applied.  Eight  (four  for  each)  potential 
shRNA  constructs  were  generated  to  decrease/suppress  RIM3γ  and  RIM4γ 
expression (3.6.3). 
5.1.2.6.1  Analysis  of  knockdown  eff iciency  in  heterologous 
cells 
The  efficiency  of  the  different  shRNAs  was  first  tested  in  HEK  293T  cells. 
Knockdown  of  overexpressed  proteins  of  interest  in  HEK  293T  allows  for  a 
quick and efficient screening of efficiency of  the shRNAs because  these cells 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produce  large  amounts  proteins  that  can  be  easily  analyzed  by  Western-
blotting. 
HEK  293T  cells  were  transfected  with  the  pLVHTM  vector  containing  the 
shRNA  sequence  under  the  H1  promoter  and  the  green  fluorescent  marker 
GFP under the EF1α promoter, to control for transfection/transduction efficiency 
together with a RIM3γ and RIM4γ expression plasmid. After  the evaluation of 
different  DNA  amounts  for  transfection,  a  ratio  of  5:1  shRNA-DNA/ 
overexpressing plasmid was chosen for the experiments. Cells were lysed 48h 
after transfection and the protein expression levels were determined by western 
blot  analysis.  pLVHTM  plasmid  without  shRNA  was  used  as  control.  Since 
transfection  efficiency  in  all experiments was over 98%, Tubulin was used as 
internal standard. 
The immunoblot analysis showed that all RIM3 shRNAs resulted in a decrease 
of  RIM3γ  protein  levels  to  around  20%  of  the  control  (Fig.  5.33).  In  contrast, 




Fig .  5 .33  RIM3  shRNAs  ef ficiently  reduce  overexpressed  RIM3γ  protein  
levels in  HEK 293T cel ls  
A,  Immunoblot  analysis  was  performed  to  test  for  the  knockdown  efficacy  of  various  shRNA 
sequences  against  RIM3γ.  The  pLVHTM  plasmid  containing  the  shRNA  sequence  and  the 
pCMV-RIM3γ expression plasmid were cotransfected,  ratio DNA (6:1)  in HEK 293T cells. 48h 
after transfection, cells were lysed and used for western blot analyses. B, All shRNAs designed 
for  RIM3γ  showed  a  clear  effect,  decreasing  the  protein  expression  levels  as  compared  to 




Fig .  5.34  RIM4γ  shRNAs  efficiently  reduce  overexpressed  RIM4γ  protein  
levels in  HEK 293T cel ls 
A,  Immunoblot  analysis  was  performed  to  test  for  the  knockdown  efficacy  of  various  shRNA 
sequences  against  RIM4γ.  The  pLVHTM  plasmid  containing  the  shRNA  sequence  and  the 
pCMV-RIM4γ expression plasmid were cotransfected,  ratio DNA (6:1)  in HEK 293T cells. 48h 
after transfection, cells were lysed and used for western blot analyses. B, Only two of the anti-
RIM4 shRNA,  shRNA 4.1 and 4.3,  showed a  significant  downregulation  of  expression  levels. 
Tubulin was used as loading control, since transfection efficiency was over 98%. Data analysis 
is shown as means ± SEM, n= 4. 
5.1.2.6.2  shRNAs are  isoform specif ic 
To  verify  that  the  shRNAs  do  not  exhibit  a  cross  reactivity  due  to  sequence 
similarity, we  tested  the  specificity  of  the  shRNAs on  their  targets.  Therefore, 
HEK  cells  were  transfected  with  RIM3γ  and  RIM4γ  expression  plasmids  and 
plasmids containing shRNAs targeted against  the different γ-RIM  isoforms. 48 








Western  Blot  analyses  were  performed  to  test  for  possible  crossreactivities  of  the  shRNAs. 
ShRNA  constructs  and  RIM3γ  or  RIM4γ  expression  plasmids  were  cotransfected  (DNA  ratio 
6:1) in HEK 293T cells. 48h after transfection, cells were lysed and analyzed by immunoblotting. 
All  shRNAs  designed  against  RIM3γ  showed  no  effect  on  overexpressed  protein  levels  of 
RIM4γ, and vice versa. 
5.1.2.6.3  Analysis of knockdown eff iciency  in neurons 
Non-functional  shRNAs  can  be  quickly  identified  by  testing  their  efficiency  in 
HEK  293T  cells,  overexpressing  the  protein  of  interest.  However,  not  all 
shRNAs having an effect  in heterologous cells on  the  levels of overexpressed 
proteins,  result  in a downregulation of endogenous protein  levels  in  the  target 
cells.  To  examine  the  efficiency  of  shRNA  downregulation  on  neuronal 
endogenous  RIM3γ  and  RIM4γ  primary  cortical  neurons  were  infected  with 
lentiviral  particles  expressing  the  different  shRNAs  and  GFP  to  control  for 
transduction  under  the  EF1α  promoter.  Neurons  were  infected  at  DIV1  and 
analyzed at DIV14, when mature synapses are present. In contrast to the data 
obtained  in  HEK  293T  cells,  western  blot  analyses  of  homogenates  from 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primary  cells,  showed  that  sh3.4  (for  RIM3γ)  and  sh4.3  (for  RIM4γ)  had  a 
stronger effect than all other designed shRNAs (Fig. 5.36). The down-regulation 
efficacy  also  depended  on  the  quality  and  titer  of  the  purified  viral  particles, 
ranging  from  1-42%  (Fig.  5.37).  In  order  to  achieve  a  high  infection  rate,  the 
number of viral particles has to exceed the number of targeted cells. In addition 











Fig .  5 .37  Quanti fication  of   RIM3γ  and  RIM4γ  shRNA  mediated 
downregulation in  primary cel l  neurons 
Immunoblot quantification of homogenated from primary neurons showed a significant reduction 
of  endogenous  protein  expression  levels  after  application  of  sh3.4  for  RIM3γ  and  sh4.3  for 
RIM4,  using  Tubulin  as  loading  control  and  neurons  infected  with  empty  pLVHTM  vector  as 
expression control. Data is presented as means ± SEM. 
5.1.2.6.4  RIM3γ  and  RIM4γ  knockdown  inhibits  dendrite 
morphogenesis  
After  shRNA  efficiency  had  been  verified  by  immunoblot  analysis, 
immunocytochemistry  of  primary  hippocampal  neurons  deficient  for  RIM3γ  or 




expression  of  the marker GFP,  and expression  levels  of  RIM3γ or  RIM4γ by 
immunocytochemistry.  Transduced  cells  were  washed,  fixed  and 
immunolabeled with  antibodies  against RIM3γ and RIM4γ  (Fig.  5.38). RIM3γ-
shRNA and RIM4γ-shRNA transduced neurons showed stunted dendritic arbors 
compared  with  neurons  transduced  with  viral  particles  containing  the  empty 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shRNA  plasmid.  Neuron  morphology  was  reduced  to  the  main  processes, 
showing a massive decrease  in secondary and  tertiary extensions (Fig. 5.38). 
To  quantify  the  pattern  of  dendritic  branching,  Sholl  analysis  was  performed 
(Fig. 5.37). This method measures  the number of dendrites crossing circles at 
various radial distances from the cell soma. The estimate number of dendrites 
per  unit  area  (number  of  intersections  divide  by  the  area  of  each  circle)  is 
plotted  against  distance.  Sholl  analysis  followed  by  t-test  revealed  statistical 
differences  among  the  control  group  and  the  shRNA  groups.  In  neurons 
transduced  with  shRNA  3.4  for  13days  (DIV1+13),  the  number  of  crossings 
stagnated  between  20  and  120 μm  from  the  soma. Neurons  transduced with 
shRNA 4.3 showed a  reduced number of crossings over  the entire measured 




Fig .  5.38  Knockdown  of  RIM3γ  and  RIM4γ  results  in  al teration  of  
neuronal  morphology 
Hippocampal  neurons  infected with  lentivirus  carrying  shRNA or  control  pLVHTM vector were 
fixed  on DIV14  and  immunolabeled with  antibodies  against  RIM3γ  and RIM4γ  (red).  Infected 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neurons (GFP positive) expressing  the shRNAs, showed a clear decrease of RIM3γ or RIM4γ 
immunoreactivity.  Neurons  with  reduced  levels  of  RIM3γ  and  RIM4γ  exhibited  significant 
alterations in dendritic arborization. Scale bar 30 µm. 
   
Fig . 5.39 Quanti fication of neuronal  branching by Sholl  analysis 












containing  control  vector  or  the  different  shRNAs.  After  intraventricular  brain 
injection of the viral particles, the pups were kept with the mother until analysis. 









infection  point  were  green  and  displayed  a  normal  morphology,  with  a  high 
number  of  projections.  In  contrast  shRNA-expressing  neurons  revealed  a 
considerable decrease in the number of processes as compared to control (Fig. 
5.40,  left  panels).  Viral  particles  spread  out  after  injection  into  different  brain 




plasmid  or  the  shRNA  sequences,  showed  that  viruses  migrated  properly 
reaching  the  cortex,  thalamus,  hippocampus,  striatum  and  midbrain.  The 
projections  of GFP  positive  control  neurons  expanded  from  the midbrain  into 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the  striatum,  in  contrast  to  neurons expressing  the  shRNAs  that were  almost 
devoid of neuronal projections (Fig. 5.41,  left panels). Cortical control neurons 
showed  a  proper  dendritic  growth.  In  contrast,  branching  was  greatly 
compromised in neurons lacking RIM3γ and RIM4γ (Fig. 5.41, right panels). 
At  p21  days,  a  large  number  of  GFP  positive  cells  could  be  detected  in  the 
cortex, hippocampus, thalamus and striatum of rats injected with viral particles 







Fig . 5.40  In  vivo knockdown of  RIM3γ and RIM4γ at  P7 
Transduced neurons expressing  the  control  or  the  shRNA sequences were  identified by GFP 
labeling. Representative neurons  in  the cortex exhibit  an obvious deficit  in dendritic branching 
(right pictures). Striatal neurons surrounding  the  lateral ventricle where  the virus was  injected, 
show  a  noticeable  difference  in  the  number  of  processes  between  control  and  shRNA 




Fig . 5.41  In  vivo knockdown of  RIM3γ and RIM4γ at  P14 
At  p14,  neurons  expressing  the  control  or  the  shRNA  sequences  were  identified  by  GFP 
labeling.  Cortical  control  neurons  displayed  a  normal  morphology,  in  contrast  to  neurons 
transduced  with  the  shRNA  sequence,  which  exhibit  a  significant  deficit  in  the  number  of 




Fig . 5.42  In  vivo knockdown of  RIM3γ and RIM4γ at  P21 
At  p21,  neurons  transduced  with  lentiviral  particles  containing  the  control  or  the  shRNA 
sequences  were  identified  by  GFP  labeling.  Cortical  control  neurons  displayed  a  normal 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morphology,  showing  a  regular  dendritic  growth.  In  contrast,  neurons  transduced  with  the 
shRNA sequence, exhibited a significant deficit  in  the number of neurites,  indicating a greatly 
compromised neuronal  branching  (left  pictures).  (left  pictures). Higher magnification of  control 
and  knockdown  cortical  neurons  showed  a  significant  loss  in  the  dendritic  arbor  of  neurons 
deficient in the expression of RIM3γ and RIM4γ as compared to control (right pictures). 
Fig . 5.43  In  vivo knockdown of  RIM3γ and RIM4γ at  P21 
At p21, hippocampal GFP positive control neurons displayed a normal morphology. Exemplary 
pictures  of  control  neurons  show  a  normal  formation  of  the  projections  of  the  dentate  gryrus 
granular  cells  and  the  CA3  pyramidal  cells.  In  contrast,  exemplary  neurons  lacking  RIM3γ 
showed a  dramatic  loss of  neuronal  processes. Granular  cells  and CA3 neurons displayed a 
compromised dendritic tree. 
5.1.2.8  PHENOTYPE RESCUE 
It has been shown  that expression of RNAi sequences can  result  in off-target 
effects, e.g. structural changes of neurons (Alvarez et al., 2006). Therefore, it is 
critical to show that the observed phenotype is induced by the reduction in the 
levels  of  the  targeted  gene.  For  this  purpose,  two  different  approaches were 
performed. First, point mutations were introduced in the shRNA sequences 3.4 
and  4.3,  the  shRNAs  that  resulted  in  the  strongest  downregulation  of  RIM3γ 
and  RIM4γ,  respectively.  These  mutations  are  thought  to  interfere  with  the 
binding  between  the  shRNAs  and  the  target  mRNA,  thereby  preventing  the 
downregulation of the endogenous protein. 
In  the second approach, silent point mutations were  introduced  into  the cDNA 
sequence of RIM3γ and RIM4γ at the region, which is targeted by the shRNA. 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The  introduction  of  silent  mutations  should  result  in  shRNA  resistant  cDNAs, 
allowing for phenotype rescue experiments.  
5.1.2.8.1  RIM3γ  and  RIM4γ  shRNA  sequence  with  point 
mutat ions are  ineffect ive 
To verify that RIM3 and RIM4 shRNAs with 3 to 5 nucleotide exchanges do not 
result in a down-regulation, cells were transfected with plasmids containing the 
shRNAs with  or  without mutations,  or  the  empty  control  vector,  together  with 
RIM3γ  and  RIM4γ  overexpression  plasmids.  48h  after  transfection,  the  cells 
were  lysed  and  analyzed  by  immunoblotting  using  specific  antibodies  against 
RIM3γ and RIM4γ. After overexpression of RIM3γ and RIM4γ shRNAs carrying 
point  mutations,  protein  levels  were  unaffected,  as  compared  to  control.  In 




Fig . 5 .44 shRNAs wi th nucleotide exchanges are unable  to  change RIM3γ 
and RIM4γ expression levels 
Quantitative  immunoblot analyses of HEK 293T cells  co-expressing RIM3γ  (A) and RIM4γ  (B) 
and the regular or mutated shRNA sequences revealed that only the regular shRNAs resulted in 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downregulation.  Since  transfection  efficiency  was  over  98%.  Tubulin  was  used  as  internal 
standard. Data is presented as means ± SEM. 
5.1.2.9  RESCUE EXPERIMENTS IN HIPPOCAMPAL NEURONS 
After  verifying  that  mutated  shRNAs  did  not  affect  RIM3γ  and  RIM4γ 
overexpression  levels  in  HEK  293T  cells,  lentiviral  particles  containing  these 
shRNAs were produced and used to  transduce primary hippocampal neurons. 
Cultured  neurons  were  infected  at  DIV1  and  analyzed  at  DIV14.  Neurons 
expressing mutated shRNAs were directly compared to neurons expressing the 
functional  shRNAs  and  control  neurons  infected  with  virus  containing  control 




ensure  the  target-specificity  of  the  RIM3  and  RIM4  shRNAs,  an  shRNA-
resistent vector was generated by site-directed mutagenesis. Therefore, silent 
mutations  (exchange  of  nucleotide without  altering  the  amino  acid  sequence) 
were  introduced  in  RIM3γ  and  RIM4γ  cDNA  sequence,  so  that  the 
overexpressed  protein  could  replace  the  endogenous  that  is  affected  by  the 









Hippocampal  neurons  were  transduced  at  DIV1  using  viral  particles  expressing  green 
fluorescent proteins for identification, together with different shRNA constructs. All neurons were 
analyzed at DIV14 using confocal microscopy. Neurons expressing shRNAs against RIM3γ and 
RIM4γ  showed  a  clear  loss  of  neuronal  processes.  In  contrast,  neurons  infected  with  viral 
particles expressing point-mutated shRNAs (rescue  I) revealed no difference  in  the number of 




5.1.2.10  RIM3γ  AND  RIM4γ  ARE  NECESSARY  FOR  NEURITE 
DEVELOPMENT 
To examine  if  the  knockdown of RIM3γ and RIM4γ prevents  the  formation  of 
new  processes,  hippocampal  cultured  neurons were  infected  at  different  time 
points after preparation. Neurons were  infected at DIV1, DIV3 and DIV7, with 
viral  particles  containing  control  or  shRNA  vector,  and  analyzed  at  DIV14  by 







an  extensively  branched  dendritic  tree,  all  infected  neurons  showed  a 
decreased number of processes compared to control neurons. 
 
Fig .  5.46  Development  of  neuronal  processes  in  neurons  deficient  for  
RIM3γ or  RIM4γ 
Hippocampal cultured neurons were transduced at different time points with shRNA-expressing 
lentiviral  particles,  and  analyzed  at  DIV14.  Shown  are  representative  pictures  of  neurons  at 
DIV14  after  infection  at  different  time  points  (DIV1,  3  and  7).  Neurons  infected  later  during 
development  showed  more  dendrites  than  those  in  which  knockdown  had  been  performed 
earlier.  However,  at  all  time  points  shRNA  treated  neurons  showed  a  lower  number  of 
processes as compared to control. Scale bar 30 µm. 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5.1.2.11  LOSS  OF  RIM3γ  AND  RIM4γ  SPECIFICALLY 
AFFECTED RIM1α EXPRESSION LEVELS 




neurons were  transduced with  lentiviral  particles  containing  control  or  shRNA 
sequences  at  DIV1  and  analyzed  at  DIV14  by  immunoblotting.  The  Infection 
efficiency was around 80%. Cells were collected at DIV14, lysated and loaded 










RIM4γ,  after  shRNA  treatment. Data  is  presented as means ±  SEM using Tubulin  as  loading 
control.  Values  were  normalized  to  expression  levels  in  control  cells  (neurons  infected  with 
empty pLVHTM vector). 
To  exclude  a  potential  unspecific  effect  of  the  shRNAs  on RIM1α  expression 
levels,  due  to  sequence  similarity,  pLVHTM  vector,  empty  or  containing  the 
shRNAs, was co-transfected with the expression plasmid pCMV-RIM1α in HEK 
293T cells. As in previous experiments the overexpression vector/shRNA vector 
ratio  used  was  1:6.  None  of  the  tested  shRNAs  altered  RIM1α  protein 





Fig .  5.48  RIM3γ  and  RIM4γ  shRNAs  did  not  al ter  RIM1α  overexpression 
levels 
HEK  293T  cells  were  transfected  with  shRNA  vector  and  pCMV-RIM1α  (DNA  ratio  1:6).  48 






this  effect,  we  hypothesized  that  downregulation  of  RIM3γ  may  also  affect 
protein  levels  of  Liprins-α  expression,  and  thereby  alter  the  expression  or 










Tubulin  indicating  that  the  amount  of neurons analyzed was  comparable,  and 
no  changes  in  the  levels  of  Synaptophysin,  suggesting  no  mayor  axonal 
modification. As shown before, neurons lacking RIM3g and RIM4g displayed a 
dramatic loss of dendrites, but conserved their axons. Expression levels of the 
postsynaptic marker PSD-95, were reduced as a result of  the decrease  in  the 
number  of  dendrites.  Furthermore,  Liprin-α,  as  well  as  its  interaction  partner 
GRIP1  showed  also  a  reduction  in  the  expression  levels.  In  order  to  resolve 
whether  the  decrease  of  GRIP1  was  a  consequence  of  the  reduction  in  the 




virus  containing  shRNA  sequences  showed  a  reduction  in  the  number  of 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neuronal  processes  as  shown  before.  Furthermore,  the  remaining  dendrites 
displayed  a  significant  loss  of  spines,  which  were  almost  non-existent  (Fig. 
5.50).  In addition, GRIP1 expression  levels were reduced, as shown before  in 
the  immunoblot  analysis.  However,  these  first  observations  have  to  be 
quantified in order to draw unequivocal conclusions.  
 
Fig .  5.49  Downregulation  of  RIM3γ  resul ts  in  a  reduction  of  the 
expression levels o f  several  proteins 
Representative  western  blot  pictures  illustrate  the  decrease  in  the  protein  levels  of  several 
proteins  detected  in RIM3γ  deficient  primary  neurons.  Synaptophysin  protein  amount  did  not 
change between neurons  transduced with control or shRNA sequences, suggesting no axonal 
changes. In contrast, the expression levels of the postsynaptic marker PSD-95 were reduced in 
neurons  lacking  RIM3g,  as  a  result  of  the  loss  of  dendrites.  Expression  levels  of  RIM3γ 





Fig .  5.50  Reduction  of  GRIP1  expression  levels  in  neurons  deficient  in  
RIM3γ 
Exemplary  confocal  pictures  show  a  reduction  in  the  expression  of  RIM3γ  and  GRIP1,  in 
neurons  transduced  with  viral  particles  expressing  shRNA  sequences  against  RIM3γ,  as 
compared  to  control  neurons.  Reduction  of  GRIP1  might  be  a  direct  effect  of  RIM3γ 
downregulation. 
5.1.2.13  SPONTANEOUS  SYNAPTIC  ACTIVITY  IN  RIM3γ  AND 
RIM4γ KNOCKDOWN NEURONS 
Ablation of most synaptic proteins as well as loss of neurites induces changes 
in  neurotransmission. Therefore,  in  order  to  functionally  investigate  if  neurons 
are still synaptically connected after the loss of neuronal processes due to the 
lack  of  RIM3γ and RIM4γ, preliminary electrophysiological measurements 
were performed in collaboration with Dr. Opitz (AG Beck). 
Hippocampal cultured neurons were transduced with viral particles 
expressing control or shRNA sequences at DIV1, and spontaneous  synaptic 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transmission was analyzed using whole-cell patch clamp recordings at DIV14-
17.  Recordings  of  the  miniature  glutamatergic  postsynaptic  currents  from 
hippocampal cultured neurons were performed in the presence of 0.5 µM TTX, 
in order to block APs and 20 µM Bicuculine to block spontaneous GABAergic 
activity. 
Primary hippocampal neurons with downregulated RIM3γ or RIM4γ showed no 
difference  in  the  frequency  of  miniature  EPSCs,  as  compared  to  control 




Fig .  5.51  RIM3γ  and  RIM4γ  knockdown  in   neurons  lead  to  a  reduction  of  
the mEPSC ampli tude, without af fecting  the f requency 
A, The cumulative probability of mEPSC amplitude displays a significant  left-shift  in cells with 
downregulated  levels  of RIM3γ and RIM4γ.  B, Mean  instantaneous  frequency of mEPSCs of 
single neurons are  represented by dots,  the mean of  every group  is given by horizontal  lines. 






Changes  in  presynaptic  proteins  have  been  associated  with  several 
neurological  disorders  in  the  last  years,  e.g.  Alzheimer,  Parkinson,  autism, 
schizophrenia  and  epilepsy  (Krüger et  al.,  1998;  Lynch et  al.,  2004;  Shankar 
and Walsh, 2009; Terada et al., 1999; Weidenhofer et al., 2006; Weidenhofer et 
al.,  2009).  Furthermore,  diverse  subgroups  of  epilepsy  patients  have  shown 
alterations in the expression of different presynaptic proteins. Several epilepsy 
cases were described in a family with a mutation in the synaptic vesicle protein 
Synapsin1  (Garcia  et  al.,  2004).  Lately,  reduced  levels  of  another  synaptic 
vesicle  protein,  Synaptotagmin1  have  been associated with  human  refractory 
epilepsy (Xiao et al., 2009). In addition, the synaptic vesicle protein protein SV2 
is the target for the antiepileptic drug levetiracetam (Lynch et al., 2004).  
Rasmussen  encephalitis  (RE)  is  a  rare  form  of  epilepsy  that  mainly  affects 
children.  Characteristic  features  of  RE  are  severe  seizures  and  progressive 
neurological deficits, T cell  infiltration and progressive degeneration of a single 
cerebral  hemisphere.  Originally  thought  to  be  a  chronic  form  of  viral 
encephalitis, Rasmussen encephalitis is now considered to be an autoimmune 
disease.  In  2000,  the  presence  of  autoantibodies  against  in  the  serum  of  a 




5.2.1  Antibodies  against  Munc18-1  in  serum  of  
Rasmussen encephali t ies patients 
In  order  to  further  characterize  the  relevance  of Munc18-1  autoantibodies  for 
Rasmussen encephalitis, ten biopsy-proven RE sera, and eight healthy control 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sera were  screened  by Western  blot  analysis.  Extracts  from HEK  293T  cells 
transfected  with  full-length  Munc18-1  were  compared  with  untransfected 




contrast,  no  immunoreactivity  was  detected  in  untransfected  HEK  cells. 
Furthermore,  the autoantigen observed  in  the  transfected HEK 293T cells and 
the  mouse  brain  homogenate  was  specific  for  the  RE  serum  as  all  healthy 
control human sera failed to recognize Munc18-1. All serum samples of patients 
1  and  2  collected  at  different  time  points  showed  immunoreactivity  against 





Fig . 5.52 Immunoreactivi ty of  sera of biopsy-proven RE patients 
A,  Homogenates  of  untransfected  HEK293  cells,  of  HEK293  cells  transfected  with  an 
expression plasmid  for  rat Munc18-1, and of adult mouse brain were blotted and analyzed by 
immunoblotting. Polyclonal  (P)  and monoclonal  (M) antibodies against Munc18-1  reacted with 
Munc18-1  expressed  in  HEK293  cells  and  endogenously  present  in  adult  mouse  brain  (left 
panel). Sera of two (P1 and P2) out of ten patients examined specifically recognized Munc18-1 
only in transfected HEK293 cells and mouse brain homogenate (middle panel). Sera of healthy 




5.2.2  Neuropathological  evaluation  of  post-surgery 
biopsy specimens 
In  biopsy  specimens  of  RE  patients  neuropathological  changes  such  as 
neuronal  cell  loss, microglial activation  and astrogliosis are  observed  (Bien et 
al.,  2002).  Furthermore, major  neuropathological  hallmarks  are T  lymphocytic 
infiltration, and microglial nodules.  
Neurosurgical biopsy samples were obtained in order to establish the diagnosis 
of  RE.  Paraffin  embedded  material  of  seven  patients  was  available  for  this 
study  and  evaluated.  The  neuropathological  specimens  contained  portions  of 
grey and white matter. Characteristic microglia nodules as well as lymphocytic 
perineuronal arrangements were present in brain tissue samples of all patients. 
Immunophenotyping  of  perivascular  and  parenchymal mononuclear  leukocyte 
infiltrates was  performed with  post-surgery  biopsy  sections  of  the  available  7 
RE  patients.  Most  of  the  parenchymal  leukocytes  were  CD8+  cytotoxic  T-
cells/lymphocytes  or  CD68+  macrophages/microglial  cells  (Fig  2A).  Four 
patients  exhibited  (at  a  lower  density  than  T  cells  and microglial  cells)  some 
perivascular  and  parenchymal  CD20+  B-lymphocytes  and  plasma  cells  in  the 
brain tissue. Plasma cells contained IgG (data not shown). Intriguingly, the two 
patients  (P1  and  P2,  table)  in  which Munc18-1  autoantibodies  were  present, 




Fig .2  Immunohistochemistry o f biopsy brain sections  from RE patients 
A,  biopsy  sections  of  all  10  RE  patients  were  stained  with  H&E  and  processed 
immunohistochemically  with  antibodies  against  CD68,  CD8,  and  CD20.  In  all  patients 
immunoreactivity against CD68 and CD8 was observed. However, only the patients 1 (P1) and 
2  that  had  autoantibodies  against  Munc18-1  showed  a  strong  perivascular  infiltration  of  B-
lymphocytes  (CD20).  P10  patient  with  biopsy-proven  RE  lacking  autoantibodies  against 
Munc18-1  did  not  show  a  significant  perivascular  or  intraparenchymal  CD20-positive  B-
























1, f  11.4  2.2 mo  Positive  None   
    2.7 mo  Positive  None   
    2.7 yrs  Positive  Tacrolimus  2.5 yrs 
2.5 
mo 
2, m  11.9  2.1 mo  Positive  None     
    2,3 mo  Positive  Tacrolimus  1.0 day  2.0 mo 
3,  f  9.9  3.3 yrs  Negative  None    3.2 yrs 
4, m  15.5  1.0 yrs  Negative  None   
    2.3 yrs  Negative  IVIG  1.3 yrs  9.6 mo 
5, m  4.4  8.5 mo  Negative  IVIG  1.0 day  8.3 mo 
6, m  9.3  4.8 yrs  Negative 
MMF. 
Prednisolon  4.5 yrs  1.6 yrs 
7, f  37.6  1.1 yrs  Negative  None   
    2.1 yrs  Negative  IVIG  1.0 yrs 
    3.1 yrs  Negative  IVIG  2.0 yrs  1.1 yrs 
8, f  5  11.0 mo  Negative  None  1.0 wk  10.8 mo 
9, f  2.1  7.8 mo  Negative  Tacrolimus  2.0 mo 
    3.0 yrs  Negative  Tacrolimus  2.6 yrs  5.6 mo 
10, m  6.6  2.8 yrs  Negative  Tacrolimus  2.5 yrs 
      2.9 yrs  Negative  Tacrolimus  2.6 yrs  2.7 mo 
Table.2 Summary cl inical data 





At  the  synapse,  efficient  synaptic  transmission  requires  a  tight  spatial  and 
temporal  regulation.  Synaptic  vesicle  fusion  is  a  very  fast  process  that  only 




The  RIM  (Rab3  interacting molecule)  family  contains  seven  known members 
(1α/β,  2α/β/γ,  3γ and 4γ),  encoded by  four different  genes RIM  (1-4).  α-RIMs 
are multidomain proteins composed of several domains: a zinc finger domain, a 
PDZ  domain  and  two  C-terminal  C2  domains  (Wang  et  al.,  2000).  Through 
these domains, they interact directly or indirectly with most other known Active 






other  Active  Zone  enriched  families  Piccolo/Bassoon,  Munc13,  ELKS  and 
Liprin-α families are composed of several highly conserved members (reviewed 
in  Schoch  and  Gundelfinger,  2006).  In  contrast  to  the  RIM  protein  family,  in 
which the γ-isoforms only contain one of the whole set of domains, the Liprin-α 
protein  family  comprises  four members which  are  highly  homologous  (Zürner 
and Schoch, 2008). All Liprins-α isoforms contain the entire set of domains, as 
well  as  ELKS1  and  ELKS2  that  only  differ  in  their  C-terminus,  and  Munc13 
proteins  that  diverge  in  the  composition  of  the  N-terminus  (Augustin  et  al., 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1999a; Koch et al., 2000). Furthermore, Bassoon and Piccolo proteins are also 
very  conserved,  Bassoon  only  lacks  the  PDZ  and  the  C2  domain  of  Piccolo 
(Fenster  et  al.,  2000).  Only  for  Rabphilin,  the  other  Rab3  effector  protein, 
deletion variants similar  to γ-RIMs have been described. The Rabphilin  family 
contains  two  shorter  isoforms,  of  which  Noc2  consists  of  the  N-terminal  zinc 
finger domain of Rabphilin seems not  to be a brain specific protein (Kotake et 
al.,  1997)  and  Doc2  comprises  two  C-terminal  C2-like  domains  of  Rabphilin 
(Orita et al., 1995).  
In recent years, RIM1 and RIM2 have been shown to be essential for synaptic 








Thereby,  γ-RIMs  would  act  as  dominant  negative,  interfering  with  the 
connection  between  calcium  channels  and  synaptic  vesicles  mediated  by  α-
RIMs via Rab3A (Fig. 6.1,A). γ-RIMs might also be present at the Active Zone 
but  acting  in  concert  with  RIM1α  by  stabilizing  them  via  dimerization  or  by 
modulating their function (Fig. 6.1,B). Furthermore, in case γ-RIMs were absent 




Fig . 6.1  Several  possible  modes of  action  for  γ-RIMs 
A,  γ-RIMs  are  part  of  the  cytomatrix  at  the  Active  Zone  and  interact  with  calcium  channels, 
thereby blocking  the slots for the full-length RIMs, acting as dominant negative. B, γ-RIMs are 
localized  at  the  Active  Zone  cytomatrix  and  exert  a  positive  action  by  stabilizing  α-RIMs  via 
dimerization, or modulate the function of the α-isoforms. C, γ-RIMs are not specifically localized 
at the Active Zone, but present in the cytoplasm arresting α-RIMs binding proteins. 
6.1  Expression  and  subcellular  localization  of 
RIM3γ and RIM4γ 
The first step to understand the physiological role of RIM3γ and RIM4γ was to 




mRNA  and  protein  expression  levels  differ  in  various  cell  types.  Our  in  situ 
hybridization and Western Blot data revealed  that  in  the cerebellum, RIM3γ  is 
mainly expressed in the cerebellar granule cell  layer, whereas RIM4γ is highly 
enriched in Purkinje cells. In the cortex, RIM4γ is uniformly localized throughout 
all  cortical  layers,  and  RIM3γ  is  more  concentrated  in  layers  II-IV.  In  the 
hippocampal  formation,  both  γ-RIM  isoforms  are  strongly  expressed  in 
pyramidal  and granule  cells,  as well  as  in  interneurons.  In  addition, RIM3γ  is 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detected  in  the  thalamus  at  higher  levels  than  RIM4γ.  Immunohistochemical 
analysis  showed  that  both  isoforms are  present  in  excitatory  and  in  inhibitory 
neurons, colocalizing with different interneuronal markers such as Parvalbumin 
and GAD67, indicating a potential role in the regulation of glutamatergic as well 




The  results  of  this  study  represent  the  first  report  about  the  localization  of 
RIM4γ. Our  data  of  RIM3γ  distribution  in  various  brain  regions differs  slightly 
from  previous  studies.  Overall,  our  RIM3γ  in  situ  hybridization  experiments 
agree  with  the  data  shown  by  Liang  and  collaborators  (Liang  et  al.,  2007). 
However, small differences in the expression intensity, mainly in the CA3 region 
of  the  hippocampus  and  in  cerebellar  Purkinje  cells  were  detected.  These 
divergences could be due to their use of dioxigenin labelled probes. In contrast 
to  the  radioactively  labeled  probes  we  used,  dioxigenin  visualized  signals 
depend on  the reaction  time.  In addition, dioxigenin-labeled probes are  longer 
than radioactively marked oligonucleotides, compromising the specificity of the 
results due to  the sequence homology among all RIM family members. At  the 
protein  level,  RIM3γ  is mostly  found  in  cerebellum,  cortex  and  hippocampus, 
confirming previous data  (Wang et  al., 2000). But  in  contrast with  the  data  of 
Wang et al., and confirming the data of Liang et al., RIM3γ is not only present in 
the rostral brain regions but also in the caudal ones (Liang et al., 2007).  
The  regional  distribution  of RIM1α and RIM2α has not  been described at  the 
protein  level  yet.  However,  In  situ  hybridization  has  shown  RIM1α  to  be 
abundantly  expressed  throughout  the  brain.  RIM3γ  and  RIM4γ  overlap  with 
RIM1α,  with  the  highest  levels  in  the  cortex,  cerebellum,  hippocampus  and 
thalamus,  in  contrast  to  RIM2α,  which  is  only  highly  concentrated  in  the 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cerebellum, olfactory bulb and the gyrus dentatus of the hippocampus (Schoch 
et  al.,  2006).  Overall,  α-  and  γ-RIMs  are  ubiquitously  present  throughout  the 
brain, however the expression levels of these proteins vary among different cell 
types.  
In  summary,  the  regional  distribution  of  RIM3γ  and  RIM4γ  differs  from  the 
expression pattern of RIM1α and RIM2α in the subcellular localization and the 
protein levels. Interestingly, every brain region coexpresses one or both α-RIM 
isoforms  and  γ-RIMs.  These  data  differ  from  the  expression  pattern  of  other 
presynaptic  protein  families,  in  which  the  different  isoforms  present  distinct 
regional  distribution,  e.g.  Synaptotagmins,  Complexins.  Synaptotagmins-1,  -2, 
and  -9,  which  are  synaptic  vesicle  proteins  that  act  as  calcium  sensors 
(reviewed  in  Südhof,  2002)  are  partially  segregated.  Synaptotagmin-1  is 
predominantly  expressed  in  the  forebrain,  synaptotagmin-2  in  the  cerebellum 
and  brain  stem,  and  synaptotagmin-9  in  the  limbic  system  and  striatum 
(Mittelsteadt et al., 2009). Complexins, in addition to the differences in regional 
expression  pattern,  work  in  different  synapses.  Complexin  I  is  preferentially 
localized  in  the axosomatic synapses, whereas Complexin  II  is mainly present 
in  axodendritic  terminals  (Yamada  et  al.,  1999).  Moreover,  Active  Zone 
enriched  protein  families  Munc13  and  ELKS  comprise  also  several  isoforms 
with  different  localizations.  Munc13-1  is  ubiquitously  present  throughout  the 
brain,  whereas  Munc13-2  and  Munc13-3  display  complementary  expression 
patterns. Munc13-2 is highly enriched in the rostral brain regions in contrast to 
Munc13-3  that  is mainly  localized  in  the caudal ones  (Augustin et al., 1999a). 
ELKS  brain-specific  isoforms  are  also  differentially  distributed.  ELKS1B  is 
mainly  detected  in  the  cerebellum  and  hippocampus,  whereas  ELKS2  is 
preferentially  expressed  in  the  hippocampus,  cortex,  olfactory  bulb,  and 
thalamus (Deguchi-Tawarada et al., 2004; Wang et al., 2002). 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6.1.1  RIM3γ  is  a presynaptic protein,  also enriched  in 
the nucleus 
In  order  to  affect  the  function  of  α-RIMs,  γ-RIMs  not  only  have  to  be 
coexpressed by a neuron but also have to be present  in  the same subcellular 
compartiment.  In  our  analysis  we  found  RIM3γ  to  be  tightly  linked  to  the 
synaptic  plasma  membrane,  and  absent  from  synaptic  vesicles.  Subcellular 
fractionation of crude synaptosomes showed that, even though RIM3γ could be 
partially  solubilized  by  Triton  X-100  extraction,  the  majority  of  the  protein 
remains associated with the Triton X-100 resistant fraction, as RIM1α (Wang et 
al.,  1997)  and  the  other  components  of  the  pre-and  postsynaptic  densities 
(Phillips et al., 2001). However, this biochemical approach does not differentiate 
between pre- and postsynaptic localization. 
Using  immunocytochemistry  we  found  RIM3γ  to  be  mainly  located  at  the 
synapse, colocalizing with presynaptic markers such as Synapsin and Bassoon 
and  partially  overlapping with  the  postsynaptic  protein  PSD-95.  However,  the 
limited  resolution  of  confocal  microscopy  does  not  allow  for  an  unequivocal 
differentiation  between  a  purely  presynaptic  or  partially  also  postsynaptic 
distribution.  Therefore,  immunohistochemistry  analysis  on  the  retina  was 
performed.  Retinal  neurons  contain  relatively  large  structures  attached  to  the 
presynaptic  plasma  membrane,  the  so  called  synaptic  ribbons,  which  have 
been shown  to contain a specific set of proteins  (tom Dieck and Brandstätter, 
2006) and can be easily visualized by confocal microscopy. RIM3γ is present in 
both  synaptic  layers  of  the  retina,  the  outer plexiform and  the  inner  plexiform 
layer.  RIM3γ  is  expressed  at  the  Ribbon,  colocalizing  with  the  presynaptic 
marker Ctbp2/RIBEYE  in  the  outer  plexiform  layer,  and  thereby  confirming  its 




a  different  localization  within  the  ribbon.  Whereas  RIM1α  is  localized  in  the 
ribbon associated protein complex, RIM2α is present in the plasma membrane-
associated division (tom Dieck et al., 2005). Further electron microscopy studies 
will  be  necessary  to  determine  the  exact  localization  of  RIM3γ  at  the Ribbon 
synapses. 
The previously reported subcellular localization of RIM3γ (Liang et al., 2007) is 
in  contradiction  to  the  one  observed  in  this  study.  Liang  and  colleagues 
described  that  RIM3γ  was  mainly  localized  along  the  dendrites  and  did  not 
show  any  specific  presynaptic  localization.  However,  they  did  not  provide 
evidence that the antibody used was isoform specific. Liang et al. used the first 
80  amino  acids  for  immunization,  probably  leading  to  a  cross-reactivity  with 
RIM4γ due  to  sequence homology.  In  contrast,  our  epitope analysis  revealed 
only a short peptide sequence that was truly specific for RIM3γ. We verified the 
specificity of our antibodies by overexpressing all RIM protein  family members 
in  HEK  cells  and  immunoblotting  analysis.  In  addition,  immunoblotting  and 
immunohistochemistry  analysis,  using  antibodies  against  RIM3γ  previously 
blocked  with  the  peptid  they  were  raised  against,  led  to  a  lack  of  signal, 
demonstrating the specificity of the expression pattern shown. 
Unexpectedly,  in  addition  to  the  presynaptic  localization  of  RIM3γ, 
immunocytochemistry analysis showed an enrichment of RIM3γ in the nucleus. 
This  observation was  confirmed by  overexpression of  the protein  tagged  to  a 
fluorescent marker  protein  in PC12  cells,  as well  as  in  neurons.  Interestingly, 
bioinformatic  prediction  of  the  subcellular  localization  of  RIM3γ  revealed  a 
potential nuclear  localization signal  (NLS) composed of  the polybasic residues 
KKRR, which are located in the N-terminus between residues 42 and 47 of the 
protein.  This  region  is  not  present  in  RIM4γ.  Expression  of  a  GFP-RIM3γ 
deletion  construct  lacking  the  protein  N-terminus,  confirmed  that  the  nuclear 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localization of the protein is contained within the N-terminal sequence. The dual 
synaptic  and  nuclear  localization  of  RIM3γ  suggests  a  possible  role  of  this 




6.1.2  RIM4γ  is  uniformely  localized  along  the  axon 
and dendrites 
RIM4γ,  as well  as RIM3γ,  is  associated with  the  synaptic  plasma membrane, 
and absent from synaptic vesicles. RIM4γ is partially solubilized by Triton X-100 
extraction, however,  the majority of  the protein remains  tightly associated with 
the Triton X-100 resistant fraction, indicating that RIM4γ is part of the cytomatrix 
composing  the  synaptic  densities.  However,  in  neurons,  RIM4γ  displays  a 
diverging  distribution  from  RIM3γ.  RIM4γ  is  uniformly  expressed  along  the 
dendrites and axons and  is absent  from  the nucleus. This  localization pattern 
was confirmed by  immunocytochemistry  in  the retina where RIM4γ expression 
was  not  restricted  to  the  synaptic  layers  but  also  detected  in  both  nuclear 
layers. These data point to a pre- and postsynaptic localization of the protein. In 
addition,  bioinformatic  prediction  of  protein  subcellular  localization  verified  the 




isoforms, which  have been  shown  to  be Active Zone  specific  proteins,  γ-RIM 
proteins exhibit additional subcellular  localizations. RIM3γ  is highly enriched  in 
the nucleus, whereas RIM4γ is uniformly expressed along axon and dendrites. 




The diverging  subcellular  localization  of RIM3γ and RIM4γ,  despite  their  high 
sequence homology,  raises  the question which  regions of  the protein mediate 
the common and which the distinct properties of the γ-RIMs.  
6.2  γ-RIMs targeting sequences 
In  recent  years,  a  large  number  of  studies  have  been  performed  in  order  to 








ELKS2α are necessary  for  the synaptic  localization of  this protein (Ohtsuka et 
al.,  2002).  In  addition,  the  RIM1α  PDZ  domain  seems  to  be  required  for  the 
association of RIM1α to the Active Zone (Ohtsuka et al., 2002), but deletion of 
the  PDZ  domain  does not  eliminate RIM1α  from  the  synapses  (Deken et  al., 
2005). To date, nothing has been reported about the minimal domains required 
for  the  proper  localization  of Piccolo  and Liprins-α  at  the Active Zone. These 
data reflect that so far no “single” targeting sequence has been identified. 
In this study we could demonstrate that the C2B domain of RIM3γ and RIM4γ is 
sufficient  to specifically  target both γ-RIM  isoforms to  the presynapse. For  this 
purpose,  we  generated  several  truncated  GFP-γ-RIM  proteins  containing  the 
C2B  domain,  the  C2B  domain  and  the  homologous  sequence,  and  the  full 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length  protein  only  lacking  the  isoform  specific  N-terminal  sequence,  and 
overexpressed them in PC12 cells, as well as in neurons. 
Overexpression  of  GFP-RIM3γ  truncated  proteins  containing  only  the  C2B 
domain or  the C2B domain and the homologous sequence, but  lacking  the N-
terminus of the protein,  led to a loss of the nuclear localization of the proteins. 
However,  these  truncated  proteins  were  still  present  at  the  axonal  boutons, 
indicating that the C-terminal C2B domain directs the presynaptic localization of 
the  protein,  whereas  the  nuclear  localization  is  controlled  by  the  N-terminal 
sequence. 
In  contrast  to  the  endogenous  protein,  overexpressed  GFP-RIM3γ  full  length 
and  deletion  proteins  could  also  be  detected  in  dendrites.  However,  similar 
observations  have  been  made  after  overexpression  of  several  tagged 
presynaptic  proteins  (Dresbach et  al.,  2003).  Reasons  for  this mislocalization 
could  be  the  high  expression  levels  of  the  overexpressed  protein  that  might 
interfere with the sorting mechanism. In addition, the tagging of proteins with a 
fluorescent marker  protein might  induce  a  change  in  the  conformation,  which 
may obstruct the correct sorting of the protein. 
Overexpression  of  GFP-RIM4γ  full  length  and  truncated  proteins  containing 
only  the  C2B  domain  or  the  C2B  domain  together  with  the  homologous 
sequence,  but  lacking  the  N-terminus  of  the  protein,  revealed  an  identical 
expression  pattern  as  the  full  length  protein.  The  truncated  proteins  were 
present  in  the  axons,  concentrated  at  the  axonal  boutons  and  along  the 
dendrites,  showing  an  identical  localization  as  the  endogenous  protein  and 
thereby  demonstrating  that  the  C2B  domain  is  sufficient  for  the  presynaptic 
localization of RIM4γ.  
Taken  together,  the  RIM3γ  and  RIM4γ  C2B  domains  are  essential  for  the 
localization of the γ-RIM isoforms at the Active Zone. This result suggests that 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the presynaptic  localization might be promoted or mediated via  the  interaction 
between γ-RIMs and other Active Zone proteins. 



















mice,  significantly  decreases  the  levels  of  Munc13  (Schoch  et  al.,  2002). 
Furthermore,  a  single  mutation  in Munc13-1  and  ubMunc13-2  (I121N), 










6.3.1   Liprins-α  do  not  influence  the  presynaptic 
localization of  γ-RIMs  
Based  on  in  vitro  assays,  which  showed  that  Liprins-α  not  only  bind  RIM1α 
(Schoch et al., 2002) but also RIM3γ and RIM4γ (Wang and Südhof, 2003), we 
hypothesized  that Liprins-α might play a  role  in  the  trafficking  to and synaptic 
localization of the γ-RIM isoforms at the presynaptic Active Zone. Therefore we 




generated  and  coexpressed  with  Liprins-α  in  PC12  cells.  RIM3γ  and  RIM1α 
were  localized  in  the  nucleus  and  the  cytoplasm  of  PC12  cells  if  they  were 
overexpessed  individually.  Interestingly, upon coexpression with Liprins-α  they 
were  not  imported  into  the  nucleus,  showing  a  clear  colocalization  in  the 
cytoplasm. Similar assays have been used to confirm the interaction partners of 
CAZ proteins. Ko and  colleges  showed  the  interaction between Liprin1-α  and 
ELKS (Ko et al., 2003b), and co-clustering of Liprin1-α and GIT1  in COS cells 




The  results  of  our  experiments  verified  the  interaction  between  different 
members of the Liprin-α family (-α1, -α3 and -α4) and RIM1α, as well as RIM3γ 





in  vitro  (Wang  and  Südhof,  2003).  However,  both  proteins  were  already 
localized  in  the  cytoplasm  and  absent  from  the  nucleus  when  they  were 
overexpressed individually, therefore not allowing for unequivocal conclusions. 
To address  the question whether  the C2B domain  is sufficient  to mediate  the 
interaction between RIMs and Liprins-α, several GFP-tagged deletion proteins 
were  generated  and  transfected  in  PC12  cells,  alone  or  in  combination  with 
Liprin-α3. Analysis of the deletion mutants revealed that deletion of the isoform-
specific N-terminus, resulted in a change in the localization of the protein which 
was  no  longer  highly  concentrated  in  the  nucleus,  but  uniformly  localized 
throughout  the  cell.  Fusion  proteins  lacking  the  NLS  showed  cytoplasmic 
colocalization and did not change its localization when cotransfected with Liprin-
α3 (Fig. 5.23).  In contrast, GFP-RIM3γ deletion construct only  lacking  the  first 
38  N-terminal  amino  acids,  but  conserving  the  NLS,  displayed  the  same 
behavior as the full length protein, as it could not be detected in the nucleus in 
the  presence  of  Liprin-α3.  In  the  case  of  RIM4γ,  as  expected  from  the 
localization of the full length protein, no changes in the protein localization could 
be detected for any of the GFP-RIM4γ truncated variants. 
Therefore,  the  PC12  coexpression  assay  only  allows  for  an  unequivocal 
determination  of  the  interaction  between  RIM3γ  and  Liprins-α  if  the  NLS  is 
present.  To  examine  if  the  C2B  domain  by  itself  can mediate  the  interaction 
between  Liprins-α  and  RIMs,  Liprins-α  could  be  fused  to  a  membrane-  or 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mitochondrial-targeting  sequence.  Coexpression  of  membrane-  or 
mitochondrial-tagged  Liprin-α  with  interacting  proteins  previously  localized  in 
the  cytoplasm  would  induce  a  translocation  of  the  proteins  to  the  plasma 
membrane/mitochondria, whereas non-interacting proteins would remain in the 
cytoplasm.  However,  weak  interactions might  not  be  detected  by  this  in  vivo 
assay,  as  shown by Patel  and  collegues  in  the  study of ELKS interaction with 
SYD2/ Liprin-α in the absence of SYD1 (Patel and Shen, 2009). 
PC12  cells  do  not  have  special membrane  compartiments  like  Active  Zones, 
therefore  to  examine  the  interaction  in  the  endogenous  environment  and  to 




hippocampal  neurons did  not  result  in  changes  in  the  localization  of RIMs.  In 
contrast,  coexpression of Liprin-α with ELKS and GIT1  increases  the synaptic 
localization  of  these  proteins  (Dai  et  al.,  2006;  Ko  et  al.,  2003a).  Therefore, 
either  Liprins-α  are  not  involved  in  the  targeting  of  γ-RIMs,  or  the C-terminal 
tagging  of  RIM3γ  and  RIM4γ  with  mCherry  has  somehow  prevented  the 
interaction between Liprins-α and γ-RIMs.  
6.3.2  RIM1α  promotes  the  synaptic  localization  of  
RIM3γ and RIM4γ 
To further investigate potential  interactions that could influence the localization 
and  function  of  RIM3γ  and  RIM4γ,  we  focused  on  the  fact  that  both  γ-RIM 
isoforms are mostly composed of the C2B domain. C2B domains are known to 
form multimers, as described for different members of the Synaptotagmin family 






a  role  in  the  localization  of  RIM3γ  and  RIM4γ.  To  evaluate  this  hypothesis, 
GFP-RIM1α  was  coexpressed  with  mCherry-tagged  RIM3γ  or  RIM4γ  in 
hippocampal neurons. Our data revealed that RIM1α promotes the presynaptic 
localization  of  RIM3γ  as  well  as  RIM4γ.  Coexpression  of  RIM4γ  and  RIM1α 
changed  the  distribution  of  RIM4γ,  which  was  previously  uniformly  localized 
along  neuronal  processes,  to  a  mainly  punctate  expression  pattern. 
Furthermore, coexpression of RIM1α and RIM3γ led to an increase in synaptic 
localization  of  RIM3γ.  In  both  cases,  increased  levels  of  RIM1α  led  to  an 
enrichment of RIM3γ and RIM4γ at the synapse.  
To  define  the  region  of  γ-RIMs  required  for  this  interaction,  GFP-γ-RIMs  full 
length and deletion proteins were overexpressed in hippocampal neurons in the 
presence  and  absence  of  mCherry-RIM1α  in  order  to  examine  whether  the 
interaction between α-RIMs and γ-RIMs depends only on  the C2B domain, or 
needs  additional  sequences.  However,  N-terminal  GFP-γ-RIM  full  length  and 
deletion  proteins  were  localized  at  the  axonal  boutons  in  the  presence  and 
absence  of  RIM1α.  These  results  differ  from  the  data  obtained  in  previous 
experiments,  in  which  γ-RIMs  were  C-terminally  tagged  with  the  fluorescent 
marker  mCherry.  γ-RIMs-mCherry  were  not  enriched  in  axonal  boutons,  but 
diffusely localized along the axon. 
Taking  together,  these  data  suggest  firstly,  that  C-terminal  tagging  interferes 
with proper targeting of γ-RIMs, however this impediment can be overcome by 
increased  levels  of  RIM1α.  Secondly,  that  endogenous  RIM1α  or  additional 




likely  by  homo-  and  heterodimerization.  Moreover,  overexpression  of  RIM1α 
promotes  an  enhancement  of  the  synaptic  localization  of  RIM3γ  and  RIM4γ, 





hetero  and  γ-homodimers  (Fig.  6.2).  In  that way,  the  function  of  RIMs  at  the 
Active  Zone,  eg.  synaptic  vesicle  coupling  to  calcium  channels  could  be 
modulated by the ratio of the different complexes. Under the assumption that α-
homodimers  are  the  functional  dimers,  formation  of  α-/γ-heterodimers  would 
decrease  the  number  of  these  functional  complexes,  thereby  preventing  an 
excess  of  primed  vesicles,  and  γ-homodimers  would  completely  inhibit  the 
connection between calcium channels and synaptic vesicles, since they cannot 
bind  to Rab3.  A  balance  among  the  different  dimers would  be  required  for  a 
proper  synaptic  transmission.  Therefore,  an  increase  of RIM1α  protein  levels 
would induce an enhancement of γ-RIMs synaptic localization in order to keep 
the  number  of  α-/α-complexes  at  the  Active  Zone  constant,  and  thereby  the 
number of primed synaptic vesicles. 
Formation  of  heterodimers  has  already  been  suggested  as  a  mechanism  to 
regulate the function and the stability of several synaptic proteins. Amphiphysin 
I  has  been  shown  to  be  important  for  the  stability  of  amphiphysin  II,  and  the 
formation  of  their  heterodimers  plays  a  role  in  clathrin-mediated  endocytosis 





of  these heterodimers  has been  reported  to  regulate  neurotransmitter  release 
(Lu  et  al.,  2006).  Therefore,  a  balance  among  α-homo,  α-/γ-hetero  and  γ-
homodimers might play an important role in regulating the function of α-RIMs. 
 
Fig . 6.2  RIM3γ and RIM4γ local ization in  the neuron 
Both, RIM3γ and RIM4γ are  localized at  the Active Zone. This  localization  is promoted by  the 
C2B  domain,  and  enhanced  by  their  interaction  to  RIM1α.  In  addition  to  the  presynaptic 
localization  of  both  γ-RIMs,  the  N-terminal  isoform  specific  sequence  confers  additional 
differential expression patterns. RIM3γ is enriched in the nucleus, whereas RIM4γ is localized in 
the cytoplasm along dendrites and axons. 








disruption  of  Liprins-α  in  invertebrates  leads  to  alterations  in  the  size  and 
structure  of  the  Active  Zone  (Kaufmann  et  al.,  2002;  Zhen  and  Jin,  1999). 




designed  to  reduce  protein  expression  in  neurons,  utilizing  lentiviral 
transduction.  Neurons  deficient  for  RIM3γ  and  RIM4γ  showed  a  surprising 
phenotype. All neurons with a decrease in the levels of either RIM3γ or RIM4γ 
maintained  the  axon,  but  suffered  an  extraordinary  loss  of  neuronal 
arborization. Sholl analyses showed that the number of crossings stagnated at 
a  low  level  (0-1  crossings)  over  the  entire  measured  distance  (120  µm)  in 
neurons transduced with the shRNAs, thus reflecting the severe impairment of 
the dendritic tree. 
The  loss  of  dendrites  was  an  unexpected  result  considering  that  RIM1α/β  or 
RIM2α knockout neurons do not show any morphological alterations, not even 
at the ultrastructural level (Kaeser et al., 2008a; Schoch et al., 2002; Schoch et 




artefact?  (2)  Are  the  shRNAs  specific  for  their  targets?  (3)  Are  the  neurons 
functional  after  the  massive  loss  of  dendrites?  (4)  Is  the  loss  of  neurons  a 
developmental or a maintenance problem? 
(1)  The  possibility  of  a  cell  culture  artefact,  was  excluded  after  in  vivo 
experiments.  Newborn  rats  were  injected  in  the  ventricle  with  a  control-  or 
shRNA-expressing  viral  suspension and analyzed at  different  time points  (p7, 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p14  and  p21).  Neurons  lacking  RIM3γ  or  RIM4γ  showed  a  decrease  in  the 
number of neurites, as compared to infected control neurons. Therefore, the In 
vivo  experiments  confirmed  the  morphological  changes  observed  in  cultured 
neurons. Furthermore,  these experiments showed that  the  loss of dendrites  is 
unlikely  to  induce  neuronal  death,  since  21  days  after  infection  a  very  high 
number of neurons lacking RIM3γ or RIM4γ were still present.  
(2).  Off-target  effects  are  the  most  significant  problem  when  using  RNA 
interference. These effects are usually due to two different factors: the binding 
of shRNAs to sequences other than the target, or the enhancement of immune 
response  by  effects  independent  of  shRNA  sequences  (Alvarez  et  al.,  2006; 
Hajeri  and  Singh,  2009).  In  addition,  downregulation  of  synaptic  proteins 




expressed  by  neurons  (Alvarez  et  al.,  2006).  Therefore,  the  results  obtained 
from downregulation of synaptic proteins should be carefully analyzed. 
To test the target specificity, two different approaches were carried out. Firstly, 
four  point  mutations  were  introduced  in  the  shRNA  sequence  to  prevent  the 
annealing  to  the mRNA. Neurons  infected with mutated shRNAs did not show 
any  morphological  change,  indicating  no  effect  of  the  mutated  shRNAs  on 
RIM3γ and RIM4γ protein expression. A second rescue experiment was carried 
out  to confirm shRNA target specificity. Silent point mutations were  introduced 
in  RIM3γ  and  RIM4γ  cDNA  sequences  in  order  to  avoid  shRNA  annealing 




of  RIM3γ  and  RIM4γ  downregulation,  and  therefore  proving  the  target 
specificity.  
Nonspecific  off-target  effects  are  due  to  the  activation  of  the  innate  immune 
response  as  it  induces  toxicity  related  effects  that  are  based  on  the  RNAi 
construct itself or its delivery vehicle (Rao et al., 2009). Small RNA sequences 
have  been  shown  to  induce  changes  in  cell  viability,  by  immunity  activation 






(3)  The  development  of  a  highly  branched  dendritic  tree  is  essential  for  the 
establishment of  functional neuronal connections,  therefore we considered  the 
possibility  that neurons  lacking RIM3γ or RIM4γ could be synaptically  inactive 
as a consequence of  the  loss of neurites. For  that  reason electrophysiological 
analyses  were  performed.  Spontaneous  glutamatergic  activity  of  RIM3γ  or 
RIM4γ  deficient  neurons  was  measured  and  compared  to  control  cells. 
Prelimimary  data  from  neurons  expressing  low  levels  of  RIM3γ  and  RIM4γ 
confirmed  that  the  neurons  were  electrophysiologically  active,  and  so  far 
showed no difference  in  the  frequency of mEPSCs,  indicating  that  the release 
probability is not changed. These data suggested that the number of synapses 
was unchanged. However, this finding would be unexpected since the number 
of  dendrites  is  extremely  decreased.  This  finding  could  be  explained  by  a 
reduction  in  the  number  of  synapses,  but  with  an  increase  in  the  size  of  the 
synaptic  vesicle  pools  within  the  remaining  synapses.  Nevertheless,  the 
frequency  data  was  very  variable  between  individual  neurons  even  within 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control  cells.  Therefore,  further  experiments will  be  necessary  to  confirm  that 
indeed there is no change in mEPSC frequency.  
In contrast to the frequency data, statistic analyses showed a clear reduction of 
mEPSC  amplitude  in  neurons  lacking  RIM3γ  or  RIM4γ.  A  reduction  in  the 
amplitude  of  spontaneous  synaptic  events  might  be  a  consequence  of  a 
decrease  in  the  quantum  size  and  therefore  a  presynaptic  failing. Otherwise, 
the  reduction  in  amplitude  might  be  due  to  a  decrease  in  the  number  of 
postsynaptic neurotransmitter receptors. Further experiments will be required to 
understand  the  mechanism  underlying  the  decrease  in  mEPSC  amplitude. 
Furthermore,  these  results  differ  from  the  data  obtained  in  RIM1 KO  primary 
neurons. Recordings of miniature excitatory postsynaptic currents (mEPSC)  in 
RIM1  deficient  hippocampal  neurons  showed  no  differences  either  in  the 
frequency or  in  the amplitude of mEPSCs, as compared  to wild  type neurons 
(Calakos et al., 2004). These data suggest that the decrease in the amplitude of 
mEPSCs  observed  in RIM3γ  and RIM4γ  knock  down  neurons  is  not  a  direct 
consequence of the decrease on RIM1α levels. 
(4)  To  examine  the  dynamics  of  dendrite  loss,  primary  hippocampal  neurons 
were transduced with control and shRNAs expressing plasmids at different time 
points (DIV1, DIV3, and DIV7). Neurons infected at earlier time points displayed 
a more dramatic  impairment  of  the  dendritic  tree  than neurons  transduced at 
DIV7,  pointing  to  a  possible  developmental  problem.  However  these 
experiments  are  not  conclusive.  To  study  this  phenomenom  in  more  detail, 
time-lapse  imaging will be necessary  in order  to conclusively show  if neurons 
lacking  RIM3γ  or  RIM4γ  simplify  their  dendritic  tree  by  retracting  dendritic 
processes, or in contrast, do not establish appropriate neuronal morphology. 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6.4.1  Possible  mechanisms  underlying  the  loss  of  
neuronal processes 
Dendrite morphogenesis consists of a sequence of interrelated steps, including 
outgrowth,  branching,  guidance,  targeting,  cessation  of  growth  and  arbor 
remodeling. All  these processes depend on  the  rearrangement of cytoskeletal 
structures  and  can  be  regulated  by  intrinsic  and  extrinsic  mechanisms  in  a 
spatio-temporally  regulated  manner  (reviewed  inCorty  et  al.,  2009;  Ehlers, 
2005; Jan and Jan, 2003; Miller and Kaplan, 2003; Poulain and Sobel, 2009). 
Neurotransmission  triggers  changes  in  intracellular  calcium  levels  that  act  on 
calcium  dependent  intracellular  signalling  pathways.  These  calcium-induced 
signalling pathways seem to affect neuronal morphology and the development 
of  the  dendritic  arborization  by  targeting  nuclear  transcription  factors  thereby 





or  ER-Golgi  trafficking.  An  important  step  to  understand  the  molecular 
mechanism underlying  this arborization  impairment will be  to  investigate  if  the 















GRIP1  and  Liprins-α  is  responsible  for  the  targeting  of  AMPARs,  and  might 




Furthermore, Liprins-α  interact with and  transport GIT1, a multidomain protein 
known  to  regulate  protein  trafficking  and  the  actin  cytoskeleton  (Ko  et  al., 
2003a). GIT1  negatively modulates  ARF  (ADP-ribosylation  factors),  known  to 
regulate  intracellular  neuronal  transport  (Chavrier  and  Goud,  1999).  The 
interaction between GIT1 and Liprin-α1  is also responsible  for  the  transport of 
AMPARs (Shin et al., 2003). In addition, cross-talking between the presynaptic 
EphrinB  and  its  postsynaptic  EphB  receptor  influences  spine  and  dendrite 
morphology (Essmann et al., 2008; Segura et al., 2007). Loss of Liprin-α might 






common antigen–related  (LAR)  family  receptor  protein  tyrosine  phosphatases 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(LAR-RPTP) (Serra-Pagès et al., 1998). Recent studies have shown that proper 
degradation of Liprin-α1 by CAMKII  is necessary  for  the distribution of LAR in 
dendrites. Inhibition of Liprin-α1 degradation leads to a mislocalization of LAR, 
and  thereby  impairs  dendrite  morphogenesis  (Hoogenraad  et  al.,  2007). 
However,  in  this  case  downregulation  of  Liprin-α1  increases  the  number  of 
spines,  and  up-regulation  reduces  the  number  of  dendrites.  This  effect  is  in 
contradiction of our hypothesis. However Liprin-α1 is, under normal conditions, 




the  levels  of  Liprins-α,  which  could  then  induce  alterations  of  the  actin 
cytoskeleton and affect the localization of AMPARs, through several pathways. 
Furthermore,  it  might  affect  the  EphrinB  and  its  postsynaptic  EphB  receptor 
cascade and therefore promote a loss of neuronal arborization (Fig. 6.3,1).  
However, it is also possible that the N-terminus of RIM3γ and RIM4γ regulates 
the  loss  of  dendrites,  pointing  to  a  more  general  mechanism  underlying  the 
impairment  of  the  neuronal  tree.  As  mentioned  above,  RIM3γ  is  not  only 
localized  presynaptically  but  also  highly  enriched  in  the  nucleus.  In  recent 
years, several synaptic proteins have been shown to accumulate in the nucleus 
(reviewed  in  Jordan  and  Kreutz,  2009),  executing  diverging  functions  at  the 
synapse  and  in  the  nucleus.  An  example  of  this  dual  behaviour  is  the  CtBP 
family  of  proteins,  first  discovered  as  transcriptional  corepressors.  CtBP 






in  the  nucleus might  also  posses a  role  in  transcription  or  trafficking  of  other 
proteins, and therefore affect neuronal morphogenesis (Fig. 6.3,2).  
In contrast  to RIM3γ, RIM4γ has been predicted  to be associated  to  the Golgi 
apparatus. Several studies have suggested that dendritic growth, but apparently 
not axonal growth, can also be affected by defects  in  the secretory pathways 
(Tang,  2008).  In  addition,  the  Golgi  apparatus  operates  as  a  scaffold  for 
numerous  signaling  molecules,  including  kinases  and  phosphatases  that  are 
regulated  by  synaptic  activity  and  may  influence  dendrite  morphogenesis 
(Hanus and Ehlers, 2008). RIM4γ might be  involved  in  the sorting of proteins 
out of the Golgi apparatus. Therefore downregulation of RIM4γ could induce an 
impairment of  the  trafficking of proteins  that are  implicated  in  the regulation of 
the actin cytoskeleton (Fig. 6.3,3). 
 
Fig . 6.3  Possible mechanisms underly ing the loss of  dendri tes 
1, γ-RIM downregulation might alter, directly or via RIM1α, the expression levels of Liprin-α and 
Liprin-α  binding  proteins,  thereby  disrupting  different  cascades  that  are  implicated  in  the 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formation  and  mantainance  of  neuronal  processes.  2,  Nuclear  RIM3γ  might  function  in 




neuronal  processes.  This  effect  might  be  triggered  by  the  alteration  of  the 
localization and/or expression levels of proteins downstream of γ-RIMs such as 
Liprin-αs  and  Liprin-αs  binding  proteins,  or  in  contrast,  by  a  more  general 
process implicating Golgi-trafficking or the regulation of gene expression. 
The  phenotype  observed  in  neurons  lacking  γ-RIMs  is  surprising  as  it  differs 
from  the  data  obtained  for  all  other  CAZ  enriched  proteins.  Neurons  lacking 
RIM1,  Munc13,  Bassoon  or  ELKS  displayed  an  important  impairment  in 
neurotransmitter release but no significant changes in the structure of the Active 
Zone (Augustin et al., 1999b; Kaeser et al., 2009; Schoch et al., 2002). Only, 
deletion  of  Liprin-αs  in  invertebrates  induces  a  change  in  the  size  and 
organization of the synapses (Kaufmann et al., 2002; Zhen and Jin, 1999). 
6.5  Autoantibodies  to  Munc18,  cerebral  plasma 
cells and  B-lymphocytes  in  Rasmussen 
encephalitis 
Our  analyses  reveal  a  subgroup  of  RE  patients  with  a  remarkable  humoral 
immunoreaction based on autoantibodies targeted to Munc18-1 and cerebral B-
lymphocyte and antibody producing plasma cell infiltrates. 
Etiology  and  pathogenesis  of  RE  are  only  incompletely  understood.  An 
autoimmune etiology  for RE has been postulated based on  the observation of 
inflammatory  infiltrates  in  RE  brains  and  of  transient  responses  to 
immunomodulatory  therapy.  Whereas  a  major  pathogenic  contribution  of 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RE  patients  (Watson  et  al.,  2004;  Wiendl  et  al.,  2001).  Furthermore,  the 
concentration  of  the  GluR3  auto-antibodies  in  the  RE  patient  sera  was  not 
sufficient  to  detect  GluR3  protein  in  rat  brain  homogenates  (Rogers  et  al., 
1994). In contrast, Yang et al. observed a strong, single immunoreactive band 
in immunoblots of rat synaptosomes probed with the serum of a RE patient who 
previously  had  been  shown  to  have  anti-GluR3  antibodies  and  identified  the 
presynaptic SM protein Munc18-1 as autoantigen (Yang et al., 2000). Here we 
found that a subgroup of  two out of  ten biopsy-proven RE patients  tested has 
antibodies  that  detect  Munc18-1,  either  expressed  in  HEK293  cells  or 
endogenously  present  in mouse  brain  homogenate.  Furthermore,  we  found  a 
infiltration  of B-lymphocytes  and antibody producing plasma  cells  in  the  brain 
parenchyma  in  the  two  patients  in  which Munc18-1  antibodies  were  present. 
This suggests a propensity for local antibody production in brain parenchyma of 
RE patients. However, a  potential  clonality  of  these  lymphocytes/plasma  cells 
needs  to  be  examined  by  future  studies.  Findings  in  favor  of  such  clonal 
expansion of B  cells  have been provided  in an earlier  study  (Baranzini et  al., 
2002).  In  addition,  a  recently  performed  study  describes  the  completely 
abrogation  of  seizure  activity  during  six  month  in  a  patient  treated  with 
rituximab.  Previously,  this  patient  was  treated  with  several  antiepileptic  and 
immunosuppresor drugs, however  the seizure-free period with was not  longer 
than 7 weeks  (Thilo et al., 2009). Rituximab  is a chimeric anti-CD20 antibody 




Munc18-1  is  a  cytoplasmatic  protein  and  an  essential  component  of  the 




Munc18-1  and  reversibly  interfere  with  synaptic  transmission  or  trigger  a 
signaling cascade resulting in neuronal cell death.  
The  presence  of  inflammatory  T-cell  infiltrates  and  microglial  nodes  is  an 
integral aspect of RE pathology (Bien et al., 2005). Recent findings suggest that 
the  local  immune  response  in  RE  includes  restricted  T-cell  populations  that 
have expanded from a  few precursors T-cells  responding  to discrete antigenic 
epitopes (Bauer et al., 2002). Our data demonstrates a subgroup of RE patients 
to  exist  that  are  defined  by  the  presence  of  Munc18-1  auto-antibodies  and 
cerebral  B-lymphocyte  and  plasma  cell  infiltrates  as  characteristic 
neuropathological  changes.  Interestingly,  Munc18-1  autoantibodies  showed  a 
long-lasting presence  in patient 1 who was followed until 2.7 yrs after disease 
onset.  On  the  other  hand,  none  of  the  initially  antibody  negative  patients 
became positive during the course of their disease. These pathological changes 
may  reflect  a  distinct  and  stable  humoral  immune  component  within  the 
pathogenesis of a subgroup of patients with RE  in which Munc18-1 serves as 
target of the inflammatory reaction. 
RE  is  a  complex  disease,  which  might  be  caused  by  several  independent 







length  α-RIMs,  are  brain  specific  proteins  present  throughout  the  brain  in 
overlapping  but  distinct  expression  patterns.  Both  isoforms  are  present  in 
excitatory  and  inhibitory  synapses  and  their  expression  is  developmentally 
regulated,  increasing during  synaptogenesis. Subcellularly, RIM3γ and RIM4γ 
are  tightly  associated  with  the  cytomatrix  composing  the  synaptic  densities. 





Furthermore,  we  analyzed  the  domain  organization  of  RIM3γ  and  RIM4γ  in 
order  to  identify  the  targeting  sequences of both  isoforms. We  found  that  the 
C2B  domain  is  sufficient  to  target  RIM3γ  and  RIM4γ  to  the  presynapse, 
suggesting the isoform specific N-terminal sequence to be responsible for their 
differential  localization.  In  the  case  of  RIM3γ  this  region  contains  a  nuclear 
localization signal.  
We could verify the colocalization of γ-RIMs and Liprins-α in neurons as well as 








downregulated  using  RNA  interference  technology.  Surprisingly, 
downregulation  of  both  γ-RIM  isoforms  induced  a  severe  impairment  of 








deficient  neurons,  points  to  a  cascade/complex  that  links  γ-RIMs  to  different 
Liprin-α  binding  proteins,  e.g.  GRIP1,  GIT1.  These  data  suggest  that  the 
reduction of  the expression  level of Liprins-α  in neurons  lacking γ-RIMs might 
induce  the  loss  of  dendrites  via  different  mechanisms  that  alter  protein 
trafficking and/or the actin cytoskeleton. 
Overall,  in spite of  their  small  size, γ-RIMs exhibit  common properties with α-












in  the  observed  loss  of  dendrites.  Therefore,  the  identification  of  proteins 
downstream  of  γ-RIMs,  overexpresion  of  which  would  rescue  the  phenotype, 
should be pursued. 
In  addition,  it  will  be  important  to  understand  which  is  the  physiological 
relevance  of  the  differential  subcellular  distribution  of  both  γ-RIMs,  and 
determine  if  deletion  of  RIM1α  (RIM1  KO) might  influence  the  localization  of 
these proteins. 
Furthermore,  a  more  detailed  electrophysiological  study  will  be  necessary  to 
understand  the  role  of  RIM3γ  and  RIM4γ  in  neurotransmitter  release  and  to 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